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c h a r a c t e r i s t i c s  o f  c e l l s  f a b r i c a t e d  
w i t h  exposure  t o  d i f f u s i o n  masking 
d i e l e c t r i c  d u r i n g  t h e  d i f f u s i o n  s t e p  
(Tab le  3.5-4) . Reported v a l u e s  a r e  t h e  
ave rages  f o r  t h e  number o f  c e l l s  g i v e n  






L i s t  o f  Tab les  (Cont 'd )  
Page Number 
3.5-7 E f f e c t  o f  edge e t c h i n g  on c e l l  charac-  
t e r i s t i c s  o f  aluminum back c o n t a c t  
cel ls .  Reported d a t a  a r e  ave rages  f o r  
t h e  number o f  cel ls  i n d i c a t e d  i n  
p a r e n t h e s e s .  
P rocess  Sequence Used t o  E v a l u a t e  
D i f f u s i o n  fitasking Dielectric 
R e s u l t s  o i  C z l l  F a b r i c a t i a n  T e s t  o f  
D i f f u s i o n  Masking D i e l e c t r i c s  
Average Values o f  Parameters  o f  2.12" 
Round C e l l s  F a b r i c a t e d  w i t h  Var ious  
D i f f u s i o n  Masking D i e l e c t r i c s  
E f f e c t  o f  Tin S o l d e r  Pad on C u r r e n t  
Output  a t  Load P o i n t ,  D i f f u s i o n   asking 
D i e l e c t r i c  T e s t  2.12 Inch Round C e l l s ,  
No AR Coat ing  
D i f f u s i o n  Data ,  Emuls i tone  N-250 
Spin-on Source 2  cm Square  Wafer 
D i f f u s i o n  Data,  Transene  1020N Phos- 
phorus D i f f u s a n t  Preform 2 cm Square  
Wafer 
D i f f u s i o n  Data,  Phosphine ( C o n t r o l  
Sample) 2  cm Square  Wafer 
E f f e c t  o f  D i f f u s i o n  Source  and Atmos- 
phere  on C e l l  Performance (T = 8500C) 
Di f fused  S h e e t  R e s i s t a n c e  Obta ined w i t h  
D i f f e r e n t  S u r f a c e  P r e t r e a t m e n t s  
Comparison o f   iffu us ion from N-250 
~ h o s ~ h o r o f i l m O  and ~ c c u s ~ i n O  PX-10 a t  
9 0 0 ~ ~  Measured Without  AR Coa t ing  
Time-Temperature Response S u r f a c e  f o r  
D i f f u s i o n  w i t h  Concen t ra ted  N-250 Source  
Measured Without  AR Coa t ing  
Time-Temperature Response Sur f  a c e  f o r  
D i f f u s i o n  w i t h  ~ c c u s p i n ~ "  PX-10 Measured 
Without  AR Coa t ing  9 0 0 ~ ~  
L i s t  o f  T a b l e s  ( ~ o n t  Id)  
Number Page 
Run 4.2'7.9 PX-10 S p r a y i n g  T h i c k n e s s  
E f f e c t s ,  N o  AR C o a t i n g  2.13" x 2.12" 
C e l l s  
J u n c t i o n  Format ion  Expe r imen t s  
 iffu us ion Exper iment  6-48-9 
  iff us ion Exper iment  6-51-9 
PX-10 I R  Bake 
Group 1 - C o n t r o l  o 
Group 2 = I R  F i r e  f o r  2 min. a t  925,C 
Group 3 - IR F i r e  f o r  2 min. a t  950 C 
Spin-On vs. Spray-On D i f f u s i o n  
P r o p e r t i e s  o f  S o l a r  C e l l s  w i t h  Aluminum 
P a s t e  Back-Fie ld  No Bac" E t c h  
O u t p u t  p a r a m e t e r s  a t  AM0 f o r  non-AR 
c o a t e d  c e l l s  p r e p a r e d  by d i f f u s i o n  from 
N-250 s o u r c e  w i t h  a d i f f u s i o n  c y c l e  o f  
25 m i n u t e s  ramp f rom 700°C! t o  9 0 0 ~ ~ ~  1 0  
m i n u t e s  a t  900cC, 2 5  m i n u t e  ramp f rom 
9 0 0 ~ ~  t o  700 '~ .  
O u t p u t  p a r a m e t e r s  a t  AM0 f o r  non-AR 
c o a t e d  c e l l s  p r e p a r e d  by d i f f u s i o n  f rom 
N-250 s o u r c e  w i t h  a d i f f u s i o n  c y c l e  of 
20 m i n u t e s  ram from 700°c t o  850°c, 30 8 m i n u t e s  a t  850 C, 20 m i n u t e  ramp from 
900°c t o  700 '~ .  
Format ion  o f  P+ Back C o n t a c t  Through 
D i f f u s e d  Laye r s  
Compos i t ion  and P r e p a r a t i o n  o f  V-13 
V e h i c l e  
R e s u l t s  o f  t i m e - t e m p e r a t u r e  f i r i n g  
c y c l e  m a t r i x  f o r  aluminum p a s t e  made 
w i t h  70% Alcoa  1401  aluminum powder 
w i t h  30% V-13 v e h i c l e ,  2.12 i n c h  round  
c e l l s  w i t h  no  AR c o a t i n g .  Tungs ten  
A M 1  l i g h t  s o u r c e  
L i s t  o f  T a b l e s  ( C o n t ' d )  
Page Number 
3 . 8 - 4  Time- tempera ture  m a t r i x  f o r  1 . 4  i n c h  
s q u a r u  ccl ls  made w i t h  70% Arnpal #G31 
aluminum powder i n  308 V-13 v e h i c l e .  
Data r e p o r t e d  are a v e r a g e  o f  5 cc l l s .  
No AH c o a t i n g  on ce l l s .  
Proct 'sa Sequence  
C e l l  P a r a m e t e r s  f o r  Tim@-Temperature 
M a t r i x  f o r  F i r i n g  Aluminum Backs on 
2.12" Squa re  C e l l s  
E v a l u a t i o n  o f  60 Second 8 5 0 ' ~  Aluminum 
Back F i r i n g  Cyc le  w i t h  P r i n t e d  F r o n t  
C o n t a c t s  
C e l l  P a r a m e t e r s  f o r  C o n t r o l  L o t s  Made 
w i t h  Ti-Pd-Ag E v a p o r a t e d  F r o n t  and  
Cr-Pd-Ag E v a p o r a t e d  Back C o n t a c t s  on 
P l l o s ~ a l ~ i n e  D i f f u s e d  Wafer  
Back S u r f a c e  F i e l d  
I R  F i r i n g  o f  Aluminum Back S u r f a c e  
F i e l d  V a r i a b l e  Tempera tu re  and C o n s t a n t  
B e l t  Spaed No AR C o a t i n g  2.12 x 2.12 
I n c h  S q u a r e s .  Run 10 .73 .9  D r i e d  i n  
Ovcn f a r  20 min. @ 2 0 0 ~ ~  B e l t  Speed 
1 8  inches /min .  
I R  F i r i n g  of  Aluminum Back S u r f a c e  
F i e l d  V a r i a b l e  Tempera tu re  and  C o n s t a n t  
B e l t  Speed No AR C o a t i n g  2.12 x  2 .12 
I n c h  S q u a r c s .  Run 10 .23 .9  D r i e d  i n  
Ovcn Ear 20 min. @ 200 C B e l t  Speed  3G 
i n c h  jmin .  
I R  F i r i n g  o f  Aluminum Back S u r f a c e  
F i e l d  C o n s t a n t  Tempera tu re  and V a r i a b l e  
B e l t  Speed No AR C o a t i n g  2.12 x 2.12 
I n c l ~ S q u a r e s .  R u n 1 0 . 7 3 . 9 D r i e d i n  
Oven f o r  20 min. @ 200°C 
I R  Dry o f  Aluminum Pi- Back. 
I R  D r i e d  Aluminum P a s t e  Wafers  
Run 6 . 4 9 . 9  Acid Trea tmen t  A f t e r  
Aluminum B r u s h i n g  and  B e f o r e  P r i n t i n g  
F r o n t  C o n t a c t  




C l e a n i n g  S t e p  
Per formance  o f  C e l l s  w i t h  V a r i o u s  
C l e a n i n g  Trea tmen t  P r i o r  t o  P r i n t i n g  
F r o n t  M e t a l  
c o m p o s i t i o n  o f  S e r i e s  61-2-2 
I s o l a t i o n  ~ i c l e c t r i c  Glass 
P r o p e r t i e s  o f  C o n t a c t s  t o  61-2-2 
I s o l a t i o n  Dielect r ic  
~ i m e - T e m p e r a t u r e  M a t r i x  Used f o r  
P a s t e  E v a l u a t i o n  
~ e l a t i v e  P l u o r e s c e n c e  I n t e n s i t i e s  o f  
E lemenis  P r e s e n t  i n  F r i t s  o f  S i l v e r  
Conduct ive  P a s t e s  
Com o s i t i o n  o f  ~ l u m i n u m - F r e e  G l a s s  
F r l  ! s
Commercial Ay P a s t e s  E v a l u a t e d  f o r  U s e  
a s  C o l l e c t o r  M e t a l l i z a t i o n  
C a l c u l a t e d  C o n t r i b u t i o n s  t o  C e l l  S e r i e s  
R e s i s t a n c e  
Exper iment  6 .51.9 Average V a l u e s  
R e s i s t i v i t y  o f  Commercial S i l v e r  P a s t e s  
I R  F i r i n g  of  S i l v e r  F r o n t  C o n t a c t s  
C o n s t a n t  Tempera ture  and V a r i a b l e  B e l t  
Speed AR Coated  2.12 x  2.12 I n c h  
S q u a r e s  Run 8.61.9 
C o n t r o l  C e l l s ,  Tube F i r e d  S i l v e r  F r o n t  
C o n t a c t s  AR Coated 2.12 x 2.12 i n c h  
S q u a r e s  Run 8.61.9 
I R  F i r i n g  o f  S i l v e r  F r o n t  C o n t a c t s  
V a r i a b l e  Tempera ture  and  C o n s t a n t  B e l t  
Speed No AR C o a t i n g  2.12 x 2.12 i n c h  
S q u a r e s  Run 9 .65 .9  
I R  Dry ing  and  F i r i n g  o f  S i l v e r  F r o n t  
C o n t a c t s  V a r i a b l e  Tempera tu re  and  
C o n s t a n t  B e l t  Speed No AR C o a t i n g  2.12 
x 2.12 I n c h  S q u a r e s  B e l t  Speed 50 i n c h /  
min.  Run 9 .65 .9  
Page 
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v i i i  
L i s t  o f  T a b l e s  ( C s n t t d )  
C o n t r o l  C e l l s ,  Tube F i r e d  S i l v e r  F r o n t  
C o n t a c t s  No AR C o a t i n g  2 .12  x 2.12 I n c h  
S q u a r e s  Run 9 .65 .9  
I R  v s  Tube F i r e d  F r o n t  S i l v e r  C o n t a c t s  
N o  AR C o a t i n g  2 .12  x 2 .12  I n c h  S q u a r e s  
Run 9 .66 .9 .  S i l i c o n  Type: ( iJ .0)  (637A) 
Kacke r  (10 .0  $2-cm) T R  F i r e d  S i l v c r  
F r o n t  C o n t a c t s .  B e l t  Speed  50 inch /min .  
I R  vs Tube F i r e d  F r o n t  S i l v e r  C o n t a c t s  
No AR C o a t i n g  2 .12  x 2.12 I n c h  S q u a r e s  
Run 9 .66 .9 .  S i l i c o n  Type : (110 )  (512 )  
Wacker ( 2 . 0  $2-cm) I R  F i r c d  S i l v e r  F r o n t  
C o n t a c t s .  B e l t ,  Speed  50 i neh /min .  
I R  v s  Tube F i r c d  F r o n t  S i l v e r  C o n t a c t s  
No AR C o a t i n g  2 .12  x 2 .12  I n c h  S q u a r e s  
Run 9 . 6 6 . 9 ,  S i l i c o n  Type: ( 1 1 0 )  (4950-1)  
Texas  In,:;rilment ( 0 . 4  12-cm) I R  F i r e d  
S i l v e r  F r ~ n t .  C o n t a c t s .  B e l t  Speed  50 
inch/rr,in. 
I R  vs Tube F i r e d  F r o n t  S i l v e r  C o n t a c t s  
No AR C o a t i n g  2.12 x 2.12 I n c h  S q u a r e s  
Run 9 .66 .9 .  S i l i c o n  Type: ( 1 1 0 )  (4950-2) 
Texas  I n s t r u m e n t  ( 0 . 4  R-cm) I R  F i r e d  
S i l v e r  F r o n t  C o n t a c t s .  B e l t  Speed  50 
i n c h / ~ n i n .  
Back C o n t a c t  M e t a l l i z a t i o n  S o l d e r  t o  
Aluminum P+ by U l t r a s o n i c  S o l d e r i n g  Pad 
Run 4.29 9 .  P r e l i m i n a r y  Comparison o f  
Saw C u t t i n g  w i t h  Chemica l  E t c h  and  
L a s e r  S c r i b i n g  No AR C o a t i n g  ( 2 . 0  x 
2 .  0 " )  
Run 4 .32 .9 .  Comparison o f  Saw C u t t i n g  
a n d  Chemica l  E t c h  and  L a s e r  S c r i b i n g  
No AR C o a t i n g  ( 2 . 1 "  x 2 . 1 " )  
L a s e r  S c r i b e d  Through F r o n t  J u n c t i o n  
(No AR C o a t i n g )  
Page 
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L i s t  o f  Tab les  ( C o n t ' d )  
Number 
-- 
3.11-4 L a s e r  S c r i b e d  C e l l s .  C o n t r o l s  - Laser  
s c r i b e d  fsom Back o f  C e l l  and Cleaved 
L a s e r  S c r i b e d  C e l l s .  Lase r  S c r i b c d  
Through F r o n t  J u n c t i o n  
E v a l u a t i o n  o f  Spin-On Su j . t . ab i l i ty  o f  
Ti tanium S i l i c a f i l m  "Ct l  kun 5 .37 .9  
E f f e c t  o f  Drying Time and Sp in  Rate o f  
AR Coat ing  A p p l i c a t i o n  - C o f i r i n g  o f  AR 
Coat and Fron t  Metal  C o r t a c t  
I n i t i a l  E v a l u a t i o n  o f  E f f i c a c y  o f  
Sprayed on Ti tanium Iso-Propoxide AR 
Coat ing  
Transmiss ion  Measurements o f  1/8" t h i c k  
SUNAEEX g l a s s  and LO-IRON s h e e t  g l a s s  
u s i n g  16 c e l l  s o l a r  c i r c u i t  t e s t  p a n e l s  
Glass  p r i c e s  f o r  l a r g e  q u a n t i t y  purchases  
o f  s t a n d a r d  s i z e s  f u r n i s h e d  i n  s t a n d a r d  
c a s e s .  Minimum o f  20 e a s e s  o f  one t y p e  
o f  g l a s s .  Source:  ASG I n d u s t r i e s ,  
Kingspor t ,  Tennessee 
S t a t u s  o f  Candidate  Adhesive M a t e r i a l s  
Adhesive Bond S t r e n g t h  Environ Lap 
Shear  S t r e n g t h s  Lbs/In4 {Average o f  
Approx. 10 Specimens) 
~ e s i s t a n c e  o f  S i l i c o n e  E las tomers  t o  
S w e l l i n g  i n  Xylene Pr imer  Coupling T e s t s  
S t a t u s  o f  Candidate  P r o t e c t i v e  Coat ing  
M a t e r i a l s  
c o a t i n g  M a t e r i a l s  Exposure/Adhesion 
T e s t s  
  am in at ion Method Assembly Sequence 
Back I n t e r c o n n e c t  P u l l  R e s u l t s  
F r o n t  I n t e r c o n n e c t  P u l l  R e s u l t s  
P r o c e s s  Sequence 
Sma'l Lot P r o c e s s  V e r i f i c a t i o n  






D i f f u s i o n  Temperature V e r i f i c a t i o n  
P r o c e s s  Sequence 
D o l l a r s  p e r  Watt C o n t r i b u t i o n  o f  F ive  
C e l l  P r o c e s s  S t e p s  
1nput.s (Other  Than C a p i t a l  Eql?ipment) 
f o r  P r o c e s s  Sequence and T h e i r  P r i c e s  
P rocess  Sequence 
S t a r t i n g  Composit ions o f  D i f f u s i o n  
Masking Dielectrics 
Composition (mol % )  o f  Beta-Spodunene 
G l a s s e s  
Compositions (mol % )  o f  1 E  S e r i e s  
Compositions (no1  % )  o f  Mg0.A1203 
B o r o s i l i c a t e  G l a s s e s  
Compositions (mol % )  of  B a r i a  G l a s s e s  
Compositions (mol % )  of T i t a n i a  G l a s s e s  
S e r i e s  5E Compositions (mol % )  w i t h  
Added P205 
Flow o f  S e r i e s  5 a t  980° and 7 Minutes 
S e r i e s  7 Compositions 
Flow o f  S e r i e s  7 a t  Var ious  T i m e s  and 
Temperatures 
Flow o f  S e r i e s  7 @ 980°c, 6 min. 
Composition o f  S e r i e s  7 Diff;:sion Masking 
D i e l e c t r i c s  ( E q u i v a l e n t s )  
Compositions o f  S e r i e s  7E - Masking 
D i e l e c t r i c s  ( E q u i v a l e n t s )  
T e s t  R e s u l t s  o f  S e r i e s  7E 
T y p i c a l  Compositions o f  I n i t i a l  S e r i e s  
4 G l a s s e s  
Compositions o f  Revised S e r i e s  4 
G l a s s e s  
L i s t  o f  Tab les  ( C o n t ' d )  
Number Page 
Compositions o f  S e r i e s  61-1 Germania- 
Tantalum G l a s s e s  
Composition o f  S e r i e s  61-2 S i l i c a /  
Tantalum G l a s s e s  
Composit ional  Changes i n  61-2 S e r i e s  
Composition o f  S e r i e s  61-3 Germania/ 
Tantalum G l a s s e s  
composi t ion Changes i n  61-3 S e r i e s  
Composition o f  S e r i e s  61-4 Germania/ 
Tantalum G l a s s e s  
Composit io:~ Changes i n  61-4 S e r i e s  
Fusion Flow C h a r a c t e r i s t i c s  o f  S e r i e s  
6 Glasses  
Compositions o f  Modif ied 61-3-1 S i l i c a -  
Tantalum and Ge-mania-Tantalum G l a s s e s  
Composition Changes i n  61-2-2 and 
61-3-1 Glasses  
Compositions o f  Baria-Magnesia Boro- 
s i l i c a t e  Glasses  Modif ied f o r  Lower 
Matura t ion  Temperature 
Compositions o f  S e r i e s  9 I s o l a t i o n  
D i e l e c t r i c s  
Composition Changes i n  S e r i e s  9 G l a s s e s  
composi t ion  o f  S e r i e s  6 c sol at ion 
Glasses  
Flow C h a r a c t e r i s t i c s  o f  612 S e r i e s  
x i i  
LIST OF FIGUmS 
Page T i t l e  Number 
IC_ 
3.3-A Module Geometry o f  Unit  C e l l  
3.3-B Incrementa l  Cos t s  Assoc ia ted  w i t h  
Shaping Modified Squares from C i r c u l a r  
.. 
3.3-C a Locat ion o f  t h e  Minimum Incrementa l  
Cost  f o r  Shaping Modified Squares from 
C i r c u l a r  C r y s t a l s  as a  Function o f  t h e  
Ra t io  of  Module t o  S i l i c o n  Costs  - --. 
3.4-A ( a&b)  Surf  a ce  Topogrophy of High Output S c l a r  
C e l l  Prepared by Texture  Etching w i t h  
No P r i o r  Damage Removed 
3.4-B(a&b) Sur face  Topography of Low Output S o l a r  
C f l l  Prepared by Texture  Etching w i t h  
No P r i o r  Damage Removed 
3.4-C(a&b) Sur face  Topography of  Nigh Output S o l a r  
C e l l  Prepared by Texture  Etch A f t e r  1 . 5  
Minutes i n  30% NaOH So lu t i on  a t  llo0c . .- 
3.4-D ( a&b)  Surf  ace  Topography of Low Output S o l a r  
C e l l s  Prepared by Texture  Etching A f t e r o  
1 . 5  Minutes i n  30% NaOH So lu t i on  a t  110 C 
3.4-E(a&b) Su r f ace  Topography of High Output S o l a r  
C e l l  Prepared by Texture  Etching A f t e r  
5 .5  Minutes i n  30% NaOH So lu t i on  a t  110'~ 
3.4-F(a&b) Su r f ace  Topography of  Low Output S o l a r  
C e l l  Prepared by Texture  Etching A f t e r  
5 .5  Minutes i n  30% NaOH a t  110'~ - 
3.5-A C h a r a c t e r i s t i c  curves  of s o l a r  c e l l s  
f a b r i c a t e d  from wafers  d i f f u s e d  w i t h  
v a r i o u s  d i f f u s i o n  masking d i e l e c t r i c s  
a p p l i e d  (Tab le  3.5-5 f i r i n g  t ime 20 s e c . )  
121 
S i l i c o n -  Aluminum Phase D i a g r a n ~ ' ~ '  
P a t t e r n  f o r  Aluminum Back t o  Reduce 
Bowing E f f e c t s  
S i n t e r i n g  Boat 
Process  Sequence 
x i i i  
Number 
3.11-A 
L i s t  of F igures  (Cont 'd)  
E f f e c t  of  F i r i n g  Time a t  6 5 0 ~ ~  on Curve 
Shape, Pas t e  A 
E f f e c t  o f  F i r i n g  ~ i m e  a t  6 5 0 ~ ~  on Curve 
Shape, P a s t e  B 
E f f e c t  of  P a s t e  F i r i n g  Time on S o l a r  
C e l l  Node1 Parameters Schematic 
E f f e c t  o f  Pas t e  F i r i n g  Time on I - E  
Curve Schematic 
Improvement o f  Curve Shape by Reducing 
F r i t  Content of Pas te  
E f f e c t  o f  N-Type Diffusion Source 
Addit ion t o  Commercial S i l v e r  P a s t e  on 
S o l a r  C e l l  Performance 
I - V  Curve f o r  s o l a r  c e l l  made wi th  Dupont 
7095 ink  f i recl  f o r  20 geconds a t  700°c, 
no AR coa t ing ,  AM1, 28 C 
I - V  curve f o r  s o l a r  c e l l  made wi th  ESL 
type  590 ink  f i r e d  f o r  25 seconds a t  7 0 0 ~ ~  
no AR coa t ing ,  AM1,  2 8 O ~  
I-V curve f o r  s o l a r  c e l l  made wi th  ESL 
type  590 ink  wi th  2 %  Emulsitone #733 
a d d i t i v e ,  f i r e d  f o r  25  seconds a t  700°c 
no AR coa t ing ,  AM1,  280C 
I - V  curve f o r  s o l a r  c e l l  made wi th  EMCA 
Ag 9 2  i n k ,  f i r e d  f o r  2 0  seconds a t  7 0 0 0 C  
no AR coa t ing ,  AM1, 280C 
3.11-K(a&b) SEM of s i l v e r  meta lLiza t ion  c o n t a c t  a r e a  
a f t e r  removal of  s i l v e r  by d i l u t e  
hydrogen peroxide.  Dupont 7095 s i l v e r  ink  
3.11-L(a&b) SE~L o f  s i l v e r  m e t a l l i z a t i o n  c o n t a c t  a r e a  
a f c e r  removal of s i l v e r  by d i l u t e  hydrogen 
pero::ide. E l ec t rosc i ence  590 s i l v e r  ink  
3.11-M(a&b) SEM of  s i l v e r  m e t a l l i z a t i o n  c o n t a c t  a r ea  
a f t e r  removal of s i l v e r  by d i l u t e  hydrogen 
peroxide.  E lec t rosc i ence  590 s i l v e r  ink  
+ 2 %  Emulsitone 733 (Ag) 
3.11-N(a&b) SEM of s i l v e r  m e t a l l i z a t i o n  c o n t a c t  a r ea  
a f t e r  removal of s i l v e r  by d i l u t e  hydrogen 






1 4 1  
1 4 2  
L i s t  o f  F i g u r e s  ( ~ o n t ' d )  
Page Number 
3.11-0 I - V  c u r v e s  f o r  s o l a r  cel ls  made w i t h  
s i l v e r  i n k  p repared  w i t h  low aluminum 
f r i t  f i r e d  a t  7 0 0 ' ~  f o r  v a r i o u s  t i m e s  
E f f e c t  o f  Reducing S e r i e s  R e s i s t a n c e  
o f  Cen te r  Ohmic Bar 
T e s t  P a t t e r n  f o r  D e t e n i n i n g  R e s i s t i v i t y  
o f  C o n t a c t  Meta l l i z . ,  is LC':L 
Phosphorus d i f f u s i o l l  c.! . ,  boron doped b a s e  
e t c h e d  1 0  min. w i t h  ; ' r ~ o n  1 4  -t- 8% O2 a t  
2 6 O ~ .  Mag. 4000X 
Boron doped b a s e  m a t e r i a l  e t c h e d  10 min. 
w i t h  Freon 1 4  + 8% O2 a t  2G0c. Mag. 
4000X 
C o n t r o l  sample s t a n d a r d  boron doped 
b a s e  g iven  30% NaOH s u r f a c e  e t c h .  Mag. 
4500X 
Phosphorus d i f f u s i o n  on boron doped 
b a s e  e t c h e d  10 min. w i t h  SF6 a t  260C. 
Mag. 4000X 
Boron doped b a s e  m a t e r i a l  e t c h e d  10 min. 
w i t h  SF6 a t  2G0c. Mag. 4500X 
Change o f  S h o r t  C i r c u i t  and Load P o i n t  
C u r r e n t  w i t h  Plasma E t c h i n g  i n  S u l f u r  
Hexaf luor ide  12/79 
S o l a r  C e l l  S p e c t r a l  Response Before  and 
A f t e r  G O  Seconds E t c h i n g  i n  S u l f u r  
Hexaf luor ide  12/79 
C e l l  Degradat ion  by L a s e r  S c r i b i n g  from 
F r o n t  w i t h  Excess  Power 
V a r i a t i o n  o f  Shunt  R e s i s t a n c e  and 
C u r r e n t  a t  500 mV w i t h  Q-Factor  
L i s t  o f  F i g u r e s  ( C o n t ' d )  
Number Page 
225 
Shear  s t r a i n  i n  a d h e s i v e  between s i l i c o n  
s o l a r  ce l l  and p a n e l  
E f f e c t  o f  c e l l  s i z e  and g l u e  l i n e  t h i c k -  
n e s s  on a d h e s i v e  s h e a r  s t r a i n ,  s o l a r  
c e l l s  bonded t o  soda-l ime g l a s s  w i t h  
s i l i c o n e  RTV 
Laminating F i x t u r e  
Time/Temperature/Pressure Cycle - S o l a r  
Modules (Double Vacuum Bag Technique)  
Module Assy. 200 C e l l  JPL 
S u p e r s t r a t e  Assy. 2.12 s q .  C e l l  (10 p a r  
x  20 ser) 
Conceptual  Design o f  Automated Super- 
s t r a t e  Assembly 
X-Ray Camera Geometry 
X-Ray Topograph o f  S i  Wafer w i t h  No 
C o n t a c t s  
X-Ray Topograph o f  F r o n t  Con tac t  Area ,  
S i  S o l a r  C e l l  
X-Ray Topograph o f  Back Contac t  Area ,  
S i  S o l a r  C e l l  
X-Ray Topograph o f  Wafer Used i n  
D i f f u s i o n  Mask Experiment 
NaOH Etched S u r f a c e  
D i f f u s e d  S u r f a c e  
D i f f u s e d  and Plasma Etched S u r f a c e  
x v i  
L i s t  o f  F i g u r e s  ( C o n t ' d )  
D i f f u s e d  S u r f a c e  A f t e r  pf Forma t ion  
D i f f u s e d  S u r f a c e  A f t e r  S c r e e n i n g  
F r o n t  C o n t a c t  
L a s e r  S c r i b e d  Area 
D i f f u s e d  and  S c r e e n  P r i n t e d  S i l v e r  Area 
Non-Dif fused  and  S c r e e n  P r i n t e d  S i l v e r  
Area 
Back P-P' J u n c t i o n  Area 
f Back Aluminum - P S i l i c o n  S u r f a c e  
x v i i  
Payc 
2 7 1  
2 7 2  
272 
2 7 4  
2 7 4  
2 7 4  
274 




















2 9 1  
291  
2 9 3  
293  
L i s t  o f  F i g u r e s  ( C o n t ' d )  
Number Page 
298 
His togram o f  Cel l s  D i f f u s e d  f o r  95 Minutes  
a t  85006 
His togram o f  Cel l s  D i f f u s e d  f o r  25 Minutes  
a t  8 7 5 O ~  
Slistogram of  C c l l s  D i f f u s e d  for 1 3  Minutes  
at 90O0e 
I l i s togram o f  C e l l s  D i f f u s e d  f o r  G Minutes  
at 92SQC2 
D i f f u s e d ,  f o r  95 min. a t  850 '~ .  Area = 
28.45 c m L  
D i f f u s f d Z f o r  25 min. a t  875 '~ .  Area = 
2 8 . 4 5  c m  
DiEfused2fo r  1 3  min. a t  9 0 0 ~ ~ .  Area = 
28.45 cm 
D i f f u s e d , f o r  6 min. a t  925'~. A r e a  = 
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Incremental C o s t s  A s s o c i a t e d  w i t h  Shap ing  
Modi f i ed  Squa res  f rom C i r c u l a r  C r y s t a l s  
a L o c a t i o n  o f  t h e  Minimum I n c r e m e n t a l  Cos t  
f o r  S11ayir.g Modif ied  Squa res  f rom C i r c u l a r  
C r y s t a l s  as a F u n c t i o n  o f  t h e  R a t i o  o f  
Module t o  S i l i c o n  C o s t s  
F r o n t  C o n t a c t  G r i d l i n e  Pa t . to rn  ( S c r e e n  
P r i n t i n g )  
s v i i i  
A s e l e c t e d  process  sequence f o r  t h e  low c o s t  f a b r i c a t i o n  of  photo- 
v o l t a i c  modules was de f ined  dur ing  t h i s  c o n t r a c t .  Each p a r t  of  
t h e  process  sequence was looked a t  r ega rd ing  i t s  c o n t r i b u t i o n  t o  
t h e  o v e r a l l  d o l l a r s  p e r  w a t t  c o s t .  During t h e  course  of  t h e  
r e sea rch  done, some of t h e  i n i t i a l l y  inc luded  processes  were 
dropped due t o  t echno log ica l  d e f i c i e n c i e s .  The p r i n t e d  d i e l e c -  
t r i c  d i f f u s i o n  mask, c o d i f f u s i o n  of  t h e  nf and pi- r eg ions ,  wrap- 
around f r o n t  c o n t a c t s  and r e t e n t i o n  of t h e  d i f f u s i o n  oxide f o r  
use a s  an AR coa t ing  were a l l  t h e  processes  t h a t  were removed f o r  
t h i s  reason.  Other p rocess  s t e p s  were r e t a i n e d  t o  ach ieve  t h e  
d e s i r e d  o v e r a l l  c o s t  and e f f i c i e n c y .  Square wafers ,  a  polymeric 
spin-on PX-10 d i f f u s i o n  sou rce ,  a  p+ back s u r f a c e  f i e l d  and 
s i l v e r  f r o n t  c o n t a c t s  a r e  a l l  p rocesses  t h a t  have been recommended 
f o r  use i n  t h i s  program. The p r i n t e d  s i l v e r  s o l d e r a b l e  pad f o r  
making c o n t a c t  t o  t h e  aluminum back was rep laced  by an u l t r a -  
s o n i c a l l y  a p p l i e d  t i n - z i n c  pad. Also,  t h e  t e x t u r i z e d  f r o n t  
s u r f a c e  was dropped a s  i n a p p r o p r i a t e  f o r  t h e  s h e e t  s i l i c o n  l i k e l y  
t o  be a v a i l a b l e  i n  1986. 
Progress  has  a l s o  been made on t h e  p roces s  sequence f o r  module 
f a b r i c a t i o n .  A s h i f t  from bonding wi th  a  conformal c o a t i n g  t o  
laminat ing wi th  e thy lene  v i n y l  a c e t a t e  and a  g l a s s  s u p e r s t r a t e  
i s  recommended f o r  f u r t h e r  module f a b r i c a t i o n .  
The processes  t h a t  were r e t a i n e d  f o r  t h e  s e l e c t e d  p roces s  sequence,  
spin-on d i f f u s i o n ,  p r i n t  and f i r e  aluminum p+ back, c l e a n ,  p r i n t  
and f i r e  s i l v e r  f r o n t  c o n t a c t  and apply t i n  pad t o  alurni.num back,  
were eva lua t ed  f o r  t h e i r  c o s t  c o n t r i b u t i o n .  
The f i n a l i z e d  process  sequence i s  shown schema t i ca l ly  on page 1A 
and i n  Table 3.21-1, page 2 9 5 .  The process  s p e c i f i c a t i o n s  f o r  t h e  
f i n a l i z e d  process  sequence a r e  shown i n  Appendix F. The Format A ' s  
f o r  SAMICS c a l c u l a t i o n s  of t h e  f i n a l i z e d  process  a r e  shown i n  
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This  F i n a l  Report d e s c r i b e s  an i n v e s t i g a t i o n  of t h e  s t a t e  of 
technology r ead ines s  f o r  a  s e l e c t e d  process  sequence f o r  t h e  low 
c o s t  f a b r i c a t i o n  of pho tovo l t a i c  modules. The i n v e s t i g a t i o n  con- 
s t i t u t e d  a  p a r t  of Phases 1 and 2  of  t h e  Array Automated Assembly 
Task, LOW Cost S i l i c o n  S o l a r  Array P r o j e c t .  This  r e p o r t  covers  
t h e  per iod  from October 1, 1 9 7 7  through June 30, 1 9 8 0 .  
2 . 1  TEc'IINiCAL OVERVIEW OF CELL D E S I G N  AND PROCESS 
SEOUXNCE 
The proposed c e l l  des ign and s e l e c t e d  process  sequence a r e  ou t -  
l i n e d  i n  Table 2 .1 -1 .  Discussion of  t h e  module des ign  and process  
sequence i s  presen ted  i n  a subsequent s e c t i o n .  I n  o r d e r  t o  make 
c l e a r  what was proposed, o p e r a t i o n s  which would be performed on 
one p iece  of automated equipment and regarded a s  one process  have 
been subdivided.  Thus p r i n t i n g  a  p a t t e r n  and f i r i n g  it have been 
i n d i c a t e d  a s  s e p a r a t e  s t e p s ,  a l though t h e  work might be performed 
a t  one s t a t i o n .  
The design inc luded  shaped cel ls  i n  o rde r  t o  ach ieve  t h e  g o a l  of 
12-13s module e f f i c i e n c y .  S p e c t r o l a b ' s  p l an  inc luded  t h e  use  of 
t e x t u r i z e d  s u r f a c e s ,  conforming t o  t h e  conc lus ions  o f  t h e  Phase 1 
s t u d i e s  which s t a t e d  t h a t  t h i s  i s  advantageous. ~ e x t u r i z i n g  i s  
a l ready  w e l l  developed f o r  ( 1 0 0 )  o r i e n t e d  s i n g l e  c r y s t a l  m a t e r i a l .  
Sheet  o r  ribbon i n p u t  m a t e r i a l s  have a d i f f e r e n t  o r i e n t a t i o n  
however, and f o r  t h e s e  it w i l l  be necessary t o  develop a  s u i t a b l e  
t e x t u r i n g  process .  
The c e l l  des ign  included a  p+ back f i e l d  ob ta ined  from a  p r i n t e d  
aluminum source .  The n+ d i f f u s i o n  was t o  be  ob ta ined  from a  phos- 
phorus doped polymer source .  An innova t ive  approach t o  t h e  junc- 
t i o n  formation process  was inc luded:  namely, t h e  use  of a  p r e f e ~ r s d  
masking d i e l e c t r i c  on t h e  edge of t h e  c e l l .  Th i s  was in tended  t o  
Table  2.1-1 
CELL DESIGN AND PROCESS SEQUENCE 
1. Design: 
2 Shaped, s i z e  25-100 c m 2  (4-16  i n  ) 
T e x t u r i z e d  s u r f a c e  
n+ j u n c t i o n  d i f f u s i o n  
p+ back s u r f a c e  f i e l d  
P r i n t e d  c o n t a c t  M e t a l l i z a t i o n  
Wraparound c o n t a c t s  
r1 c = 15% (28 '~ .  100 mYw/crn2) 
2. P roce s s  Sequence: 
Tex tu r e  e t c h  
P r i n t  edge masking d i e l e c t r i c  
F i r e  edge lnasking d i e l e c t r i c  
P r i n t  back aluminum 
Apply f r o n t  polymer dopant  
F i r e  j u n c t i o n  and back s u r f a c e  f i e l d  s o u r c e s  
P r i n t  back i s o l a t i o n  d i e l e c t r i c  
F i r e  back i s o l a t i o n  d i e l e c t r i c  
P r i n t  c o n t a c t  pads 
P r i n t  f r o n t  g r i d  p a t t e r n  and wraparound conduc tors  
F i r e  c o n t a c t  pads ,  g r i d  p a t t e r n  and wraparound 
conduc tors  
T e s t  cel ls  
permit  t h e  c o d i f f u s i o n  of t h e  n+ and p+ reg ions  withouc t h s  nccd 
f o r  an edge e t c h .  A s  a  f u r t h e r  i n n s v a t i o n ,  t h e  d i f f u s i o n  ox ide  
was t o  be r e t a i n c d  f o r  use a s  an a n t i r e f l e c t i o n  coa t ing .  The 
process  sequence proposed he re  t h u s  was in tended  t o  e l i m i n a t e  t h e  
fol lowing process  ope ra t ions :  Sepa ra t e  p and n  d i f f u s i o n s ,  cdge 
and/or back e t c h i n g ,  d i f f u s i o n  oxide removal and a s e p a r a t e  AR coa t -  
i n g  s t e p .  
A f u r t h e r  a n t i c i p a t e d  use  f o r  t h e  edge masking d i e l e c t r i c  was a s  
an i n s u l a t i o n  Layer fo r  wraparound c o n t a c t s .  ~t t h i s  po in t  an 
a d d i t i o n a l  p r i n t i n g  and f i r i n g  ope ra t ion  was in t roduced  t o  l o c a t e  
d i e l e c t r i c  pads f o r  t h e  wraparound c o n t a c t s  on t h e  back aluminum. 
So lde rab le  con tac t ing  pads an  t h e  aluminum back wcre t o  be p r i n t e d  
nex t .  Front  m e t a l l i z a t i o n  g r i d s  and wraparound conductors  wcre 
t hen  p r i n t e d .  For  t h i s  we proposed usinq t h i c k  f i l m  p a s t e  formu- 
l a t e d  f o r  adherence and con tac t  throuqh t h e  d i f f u s i o n  oxide.  
F i n a l l y ,  t h e  f r o n t  c o n t a c t  g r i d s  and s o l d e r a b l e  c o n t a c t s  on t h e  
back s i d e  would be c o f i r c d  t o  complctu t h c  c e l l  f a b r i c a t i o n .  
A s  a r e s u l t  of t h e  i n v e s t i g a t i o n ,  some of t h e s e  des ign  elements 
and process  s t e p s  have been e l imina t ed  on t h e  b a s i s  of  technologi-  
c a l  d e f i c i e n c i e s .  These e l i m i n a t i o n s  i nc lude :  
P r i n t e d  d i e l e c t r i c  d i f f u s i o n  mask 
a Codi f fus ion  of t h e  ni- and pi- reg ions  
a Wraparound f r o n t  c o n t a c t s  
Retent ion o f  t h e  d i f f u s i o n  oxide f o r  use 
a s  an AR coa t ing  
The p r i n t e d  s i l v e r  s o l d e r a b l e  pad f o r  making c o n t a c t  t o  t h e  a l u -  
minum back was r ep l aced  by an u l t r a s o n i c a l l y  a p p l i e d  t i n - z i n c  pad. 
The t e x t u r i z e d  f r o n t  s u r f a c e  has  been dropped a s  i n a p p r o p r i a t e  f o r  
t h e  s h e e t  s i l i c o n  l i k e l y  t o  be a v a i l a b l e  i n  1986. Plasma e t c h i n g  
i s  proposed a s  a  t r ea tmen t  t o  provide a  s tandard  reproduc ib le  
incoming s u r f a c e  t o  t h e  process  sequence. 
The remaining p r o c e s s e s  p r o v i d e  a  c o s t  e f f e c t i v e  p rocedure  f o r  
a  l a r g e  volume,low c o s t  p r o d u c t i o n  o p e r a t i o n .  However, t h e  e l i -  
m i n a t i o n s  r e q u i r e  t h e  i n j e c t i o n  of  s u i t a b l e  p r o c e s s e s  f o r  j u n c t i o n  
c lean-up and AR c o a t i n g .  The p r o c e s s  sequence  and a l t e r n a t e s  
shown i n  T a b l e  2.1-2 a r e  reconunended f o r  f u r t h e r  development and 
e v a l u a t i o n .  
2.2 TECHNICAL OVERVIEW OF MODULE DESIGN AND PROCESS 
SEQIJENCE 
The module d e s i g n  and s e l e c t e d  p r o c e s s  sequence  a r e  shown i n  
T a b l e  2.2-1. The module d e s i g n  was comprised o f  a  24 by 48 i n c h  
( 6 0  x  120 cm) tempered g l a s s  s u p e r s t r a t e .  Square  shaped c e l l s  
e n a b l e d  achievement  of  t h e  12% module e f f i c i e n c y  g o a l .  
The module s t r u c t u r e  used a  t h i n  bond l i n e  a d h e s i v e  t o  a t t a c h  t h e  
s o l a r  ce l l s  t o  t h e  g l a s s  s u p e r s t r a t e .  S i n c e  s i l i c o n e  a d h e s i v e s  
a r e  known t o  be  t e c h n i c a l l y  f e a s i b l e ,  and t h e  t h i n  bond l i n e  mini-  
mizes  c o s t s ,  t h e y  w e r e  i n c l u d e d  i n  t h e  p r e l i m i n a r y  d e s i g n .  However, 
a l t e r n a t i v e  a d h e s i v e s  were t o  be  e v a l u a t e d  i n  a s e a r c h  f o r  g r e a t e r  
c o s t  e f f e c t i v e n e s s .  I n t e r c o n n e c t  c o n d u c t o r s  w e r e  t o  be  t h i n  copper  
f o i l  o r  r i b b o n s .  A s imple  a u t o m a t i c  r e f l o w  s o l d e r i n g  o p e r a t i o n  
p e r m i t t e d  by t h e  wraparound t e c h n i q u e s  was t o  b e  used  t o  p o s i t i o n  
b o t h  c o n t a c t s  on t h e  back s i d e s  o f  t.he cel ls .  A conformal  c o a t i n g  
p rov ided  t h e  e n c a p s u l a t i o n  and rear s u r f a c e .  The module assembly 
was t o  be  completed by mounting t h e  s : l p e r s t r a t e  i n  an  aluminum 
e x t r u s i o n  frame.  
The s e a r c h  f o r  an  a l t e r n a t e  a d h e s i v e  m a t e r i a l  was u n s u c c e s s f u l .  
I n a b i l i t y  t o  bond a low c o s t  conformal  c o a t i n g  m a t e r i a l  i n  combina- 
t i o n  w i t h  r a p i d  p r o g r e s s  i n  d e v e l o p i n g  e t h y l e n e  v i n y l  a c e t a t e  a s  
a n  e n c a p s u l a n t  m a t e r i a l  by Spr ingborn  L a b o r a t o r i e s  on a n o t h e r  
c o n t r a c t  w i t h  J P L  r e s u l t e d  i n  a  recommendation t o  s h i f t  a t t e n t i o n  
t o  module f a b r i c a t i o n  by l a m i n a t i o n  u s i n g  EVA a s  t h e  e n c a p s u l a n t  
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Table  2.2-1 
MODULE DESIGN AND PROCESS .SEQUENCE 
1. Design 
S i z e  60 x 120 c m  ( 2  x 4 f t )  
Tempered g l a s s  s u p e r s t r a t e  
C e l ' . s  a t t a c h e d  by polymeric  adhes ive  
Preformed c i r c u i t  i n t e r c o n n e c t s  
3 m i l  polymeric  conformal c o a t i n g  
Aluminum e x t r u s i o n  frame 
2. P rocess  Sequence* 
13. AR t r e a t  s u p e r s t r a t e  g l a s s  
1 4 .  Mount cel ls  on s u p e r s t r a t e  
15. Cure adhes ive  
1 6 .  Apply i n t e r c o n n e c t s  
17. Apply conformal c o a t  
18.  Cure conformal c o a t  
1 9 .  Mount i n  frame 
20. T e s t  nodu le  
"Process  sequence numbers con t i nue  from 
t h e  ce l l  a r e a  (Tab le  2.1-1) 

3.2 SILICON INGOT EVALUATION 
3 .2 .1  Recommendations 
The recommended method of  s i l i c o n  i n g o t  eva lua t ion  i s  t o  compare 
incoming wafers  t o  c o n t r o l  wafers  from Spec t ro l ab  c r y s t a l s .  The 
use of  t h i s  t echnique  was shown t o  provide a  r e l i a b l e  means o f  
s i l i c o n  wafer eva lua t ion .  
3.2.2 Work Performed 
Ingo t s  ( 1 0 0 )  o r i e n t a t i o n  procured from a  v a r i e t y  of vendors have 
been s l i c e d  a t  Spec t ro lab .  To e v a l u a t e  t h e  two i n g o t s  rece ived ,  
wafers  were processed i n t o  c e l l s  s imul taneously  wi th  c o n t r o l  
wafers  from Spec t ro l ab  c r y s t a l s .  The s t anda rd  process  sequence 
shown i n  Table 2.1-2 was used t o  f a b r i c a t e  t h e s e  c e l l s  except t h a t  
l a s e r  s c r i b i n g  was performed p r i o r  t o  f r o n t  c o n t a c t  p r i n t i n g ,  and 
t h e  AR coa t ing  s t e p  was omit ted.  Square,  2.12" wafers  from d i f f e r -  
e n t  i n g o t  l o t s  were chemical ly  e tched  p r i o r  t o  f r o n t  p r i n t i n g ,  and 
s imul taneously  processed wi th  t h e  3" round wafers .  
An example of  an ingo t  e v a l u a t i o n  i s  given i n  Table  3.2-1. This  run 
i n d i c a t e s  t h a t  Dymat s i l i c o n  i s  e q u i v a l e n t  t o  t h e  c o n t r o l  Spec t ro l ab  
s i l i c o n .  The c e l l s  had an average e f f i c i e n c y  o f  10.3% (equ iva l en t  
t o  13.8% with  AR c o a t i n g ) .  
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3.3 .1  -.= Recommendat i ons  
To achieve t h e  most c o s t  e f f e c t i v e  encapsu la t ion  and module assem- 
b l y ,  c e l l s  should be n shape s u i t a b l e  f o r  ach iev ins  1 0 0 %  n e s t i n g  
e f f i c i e n c y .  Seve ra l  of t h e  s i l i c o n  s h e e t  p rocesses  being devclopcd 
w i l l  l e a d  t o  n a t u r a l  square  o r  r e c t a n g u l a r  wafers .  If s h c e t  
n lntcr inl  i s  ob ta ined  from Czochra l sk i  c r y s t a l s ,  shaping i n t o  
tlmodi:icdl' ( p a r t i a l l y  shaped) hexagons w i l l  be requi rcd .  The 
optimum degree  of shaping w i l l  depend on t h e  r a t i o  of module c o s t s  
t o  shce t  m a t e r i a l  and shaping c o s t s .  Based upon c o s t  da t a  t akcn  
dnr ing  t h i s  r e p o r t  pe r iod ,  it appears  t h a t  shaping of c e l l s  i s  n o t  
c a s t  effective (see Figure  3.3-B) . 
W e  recommend t h a t  f u r t h e r  p rocess  development and eva lua t ion  work 
mn::e use of square  shaped wafers  t o  ensu re  t h a t  cel l  processes  are 
compatihlc w i t h  shcet m a t e r i a l  t h a t  w i l l  be a v a i l a b l e  i n  1986. A 
more d e t a i l e d  d i scuss ion  i s  given i n  Appendix A .  
3 .3 .2  Work Performed 
-- 
I n  o r d e r  t o  ach ieve  t h e  program goa l  of $.70/peak w a t t  (1980 
d o l l a r s ) ,  h igh module e f f i c i e n c y  w i l l  be r equ i r ed .  This  imp l i e s  
a  high n e s t i n g  e f f i c i e n c y  t~ avoid encapsu la t ion  c o s t s  a s s o c i a t e d  
wi th  non-productive i n t e r s t i t i a l  a r e a s .  T t  i s  p o s s i b l e  t h a t  by 
1986 shcc t  m a t e r i a l  w i l l  be a v a i l a b l e  from ribbon o r  s h e e t  c r y s t a l  
growth processes  i n  square  o r  r e c t a n g u l a r  shape which can be 
c l o s e l y  packed, however, low c o s t  Czochralski  c r y s t a l  p rocesses  
a r e  a l s o  a  p o s s i b l e  source  sf s i l i c o n  s h e e t  m a t e r i a l  i n  1986. 
I n  t h i s  ca se  shapinq square  o r  hexagonal wafers  ( o r  c e l l s )  from 
t h e  n a t u r a l  round shape w i l l  i n c u r  c o s t s  a s s o c i a t e d  wi th  t h e  shap- 
ing ope ra t ion  and t h e  gene ra t ion  of s i l i c o n  sc rap .  Shaping w i l l  
on ly  be e f f e c t i v e  t o  t h e  e x t e n t  t h a t  t h e  encapsu la t ion  c o s t s  
saved by reduced i n t e r s t i t i a l  a r e a s  a r e  n o t  o f f - s e t  by t h e  shaping 
arttl. m a t e r i a l  s c r ap  c o s t s .  
A n  a n a l y s i s  was made o f  t h e  optimum shaping of  squared wafers  
from c y l i n d r i c a l ,  Czoehrnlski  c r y s t i t l s  a s  a func t ion  of  the r e l a t i v e  
c o s t s  o f  s i l i c o n  m a t e r i a l  and  pha tovol t i l i c  module and system ri3lated 
c o s t s .  For t h e  purposes of t h i s  a n a l y s i s  it was assumed t h a t  t h e  
shaping would be accomplished by s l abb ing  o f f  f o u r  s i d e s  of t h e  
c r y s t a l  t o  form a squarc  s e c t i o n  wi th  t runca t ed  (rounded) co rne r s .  
This  procedure e l i m i n a t e s  t h e  c e l l  p rocess ing  c o s t s  which would be 
a s s o c i a t e d  wi th  the d i sca rded  s i l i c o n  i f  t h e  c e l l s  were shaped after 
process ing .  I t  a l s o  prov ides  the maximum sa lvage  va lue  f o r  t h e  d i s -  
carded s i l i c o n .  
The module geometry a s s o c i a t e d  with one cell, i s  shown i n  E'iguro 3 . 3 - 4 .  
The c i r c u l a r  segments, $ , o u t s i d e  of t h e  square  correspond t o  t h e  
a r e a s  of d i scorded  s i l i c o n .  The c o i n e r s  of the squa re ,  A I ,  which 
a r e  t r u n c a t e d  by t h e  c i r c l c ,  correspond t o  i n t e r s t i t i a l  nrcns which 
i n c u r  module and system r e l a t e d  c o s t s ,  bu t  which do n o t  gene ra t e  any 
power. 
For i n t e r p r e t i v e  purposes it i s  convenfent  t o  cons ide r  t h c  r a t i o  o f  
t h e  s i z e  of the c i r c l e  t o  t h a t  of  t h e  squarc  r a t h e r  than t h e  ang le  
0 a s  a measure of t h e  degree  o r  e x t e n t  o f  shaping:  
The range af r t  w i l l  be from 1 ( p e r f e c t  c i r c l e ,  no shaping) t o  1 . 4 1 4  
( p e r f e c t  square)  . 
The t o t a l  c o s t  pe r  w a t t  w i l l  be 
F i g u r e  3 .3-A.  MODULE GEOMETRY OF U N I T  CELL 
where Cw o = Cost per watt assuming perfect nesting without 
shaping costs 
S: = Cost per watt for silicon 
A& = Fractional area of silicon discarded 
= Module and system associated cost per watt 
A; = Fractional area of module not occupied 
and where the superscript o indicates costs assuming perfect nesting 
without shaping costs. 
The incrcmc?nt.al costs for shaping will be: 
ACw = ~ $ 1  + MEA; = f(u) 
i 
Equation (3) will have a minimum at some value of a which will be 
dct-ermined by the ratio of module to silicon costs: I 
1 
where 
Shaping will be favored if tho module costs are large compared to the 
silicon cost. 
Acw The relation between v-- and a (Equation 4) is derived in Appendix A 
and shown graphically fgr 13 = 1.0 in Figure 3 . 3 - B .  

Thc u l o c a t i o n  of the minin~un~ c o s t  as a func t ion  o f  t h e  r a t e  i s  
shown i n  F igure  3 . 3 4 2  ( d e r i v a t i o n  i n  Appendix A ) .  LSA c o s t  pro- 
j c c t i o n s  suggcst  it i s  u n l i k e l y  t h a t  11 w i l l  e v e r  be l a r g e r  t han  1,. 
example, a t y p i c a l  r e c c n t  c o s t  a l l o c a t i o n  f o r  n  $.50/watt (1975 
d o l l a r s )  strawman model budqetcd $0.177 for s i l i c o n  and $0.164 f o r  
1 
module c o s t s  ( ~ 3  = 0.927) . The a r e a  of i n t e r e s t  i n  F iqure  3 . 3 - C  
is  t h e r e f o r e  t h a t  i n d i c i ~ t ~ d  by t h o  small square  between d = 1 . 0 ,  
corresponding t o  ,I = 1.03 and ix  = 1.085. Tho optimum trinuning w i l l  
t h u s  generate wniars  i n  which t h c  l e r l l~ th  of  or: a t  t h e  t r u n c a t e d  
co rne r s  i s  comparoblf t o  l n r q c r  t han  t h e  l e n g t h  of t h e  f l a t  s i d e s .  
Ff-om F igu res  3 . 3 - B  and 3.3-C it w i l l  be seen t h a t  t h e  optimum 
. ; h d ~ c  wil.1 be nearor  t o  a c i r c l e  than  a square .  Th i s  i: p l i e s  
t h c r a  w i l l  be s i y n i f  i c d n t  incrementa l  c o s t s .  Incremental. 
>A osts f c ~ v  a number of ossun~pt ions  rclynrding i n t e r i m  s i l i c o l l  and 
modu l C. c o s t s  a r e  summariaud i n  Tnbl e -3.3-1. S i m i l a r  r e s u l t s  have 2 
bcrn ob td incd  t'or shilpi l~y nlodi f i r d  hcxci~~ons from c i r c u l a r  d i s c s  . 

Table 3.3-1  
INCREMENTAL COSTS ASSOCIATED WITH SHAPING 
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3.4 SURFACE PREPARATION 
3.4.1 Recommendations 
A v a r i e t y  of s i l i c o n  shee t  p rocesses  a r e  be ing  worked on,  some 
of which do n o t  have su r f ace  o r i e n t a t i o n s  s u i t a b l e  f o r  t e x t u r e  
e t c h i n g .  W e  recommend t h a t  f u r t h e r  p roces s  developmr?nt and 
e v a l u a t i o n  use  non-textured wafers  w i th  a v a r i e t y  of s u r f a c e  
o r i e n t a t i o n s  t o  ensure  t h a t  p rocesses  s e l e c t e d  f o r  use i n  t h e  
1986 p l a n t  w i l l  be  compatible w i th  t h e  s h e e t  m a t e r i a l  a v a i l a b l e  
a t  t h a t  t i m e .  
Assuming s h e e t  m a t e r i a l  i s  d e l i v e r e d  t o  a  c e l l  company wi th  su r -  
f a c e s  f r e e  from s a w  damages, it w i l l  b e  d e s i r a b l e  t o  t r e a t  t h e  
s h e e t  s u r f a c e s  t o  e s t a b l i s h  a  s t anda rd  s u r f a c e  cond i t i on  p r i o r  
t o  d i f f u s i o n .  Plasma e t ch ing  of non-surface damaged wafers such 
a s  EFG and Web with  SF6 i s  t h e  recommended method of p repa r ing  
t h e s e  wafers  f o r  junc t ion  format ion.  For s u r f a c e s  wi th  e x t e n s i v e  
saw damage, w e  recommend a  30% NaOH e t c h .  
3.4.2 Work Performed 
S i l i c o n  wafers ,  which had been s l i c e d  us ing  s l u r r y - f e d  gang cu t -  
t i n g  methods, were e tched  i n  sodium hydroxide f o r  varying t i m e s  
t o  determine t h e  minimum q u a n t i t y  of m a t e r i a l  removal necessary  
f o r  damage e l imina t ion .  The ( 1 0 0 )  o r i e n t a t i o n ,  one ohm-cm m a t e r i a l  
used i n  t h i s  s tudy ,  was then  d i f f u s e d  and f a b r i c a t e d  i n t o  s o l a r  
c e l l s  u s ing  s t anda rd  c o n t r o l l e d  aerospace processes .  2 cm by 2 cm 
c e l l s  were c u t  from t h e  processed round wafers  and t e s t e d  wi thout  
AR coa t ing .  S ince  a  d i s t o r t e d  l a y e r  of s i l i c o n  has  a  low minor i ty  
c a r r i e r  d i f f u s i o n  l e n g t h ,  t h e  ou tpu t  of a c e l l  i s  adverse ly  
a f f e c t e d  by any r e s i d u a l  c u t t i n g  damage. I n  a d d i t i o n ,  t h e  h igh  
l e a k a g e  c u r r e n t  caused by abraded  s i l i c o n  cells a l s o  r e s u l t s  i n  
cu rve  shape  d e g r a d a t i o n .  C u r r e n t  a t  t h e  500 mV l o a d  p o i n t  w a s  
used  a s  a measure o f  r e s i d u a l  s u r f a c e  damage. 
Four s u r f a c e  p r e p a r a t i o n  p r o c e d u r e s  were examined: 
T e x t u r i z i n g  
Pre-Etch E t c h  M a t e r i a l  
B o i l i n g  8 OOC Removed 
G r o 3  
- 30: NaOH - 2% NaOIl* p e r  S i d e  Sample 
1 0 55 Min. 0.0009 i n c h  29 ce l ls  
2  90 Sec.  55 Min. 0.002 i n c h  26 ce l l s  
3 180 Sec.  55 Min. 0.003 i n c h  30 c e l l s  
4 270 See .  55 Min. 0.004 i n c h  28 c e l l s  
"20% by volume I s o p r o p y l  a l c o h o l  
Open c i r c u i t  v o l t a g e ,  s h o r t  c i r c u i t  c u r r e n t  and c u r r e n t  a t  500 mV 
wcrt? measured under AM1 Xenon s o u r c e  i l l u m i n a t i o n .  The r e s u l t s  
a r e  summarized i n  Tab le  3.4-1 
These d a t a  (Table  3.4-1) s u g g e s t  t h a t  t h e  power a t  l o a d  i s  a s  
l a r g e  w i t h  a  one-s tep  t e x t u r e  e t c h  a s  it i s  w i t h  a  m u l t i - s t a g e  
e t c h i n g  p r o c e s s  (Groups 2,  3 ,  4 ) .  Moreover, t h e r e  a p p e a r s  t o  be  
t h e  advan tage  o f  a  na r rower  d i s t r i b u t i o n  o f  o u t p u t  power and 
p o s s i b l y  fewer  u n i t s  l o s t  i n  t h e  form o f  o u t l i e r s .  The l a t t e r  
would undoubtedly b e  r e j e c t s  i n  a  manufac tu r ing  o p e r a t i o n .  
Table 3.4-1 
'oc' 'sc AND I500 FOR 4 GROUPS OF CELLS 
GIVEN DIFFERENT SURFACE PREPARATIONS 

wcrc s e l c c t c d  f o r  examination t o  i nc lude  a  h igh  ou tpu t  and a  low out-  
p u t  c e l l  from t h r e e  s u r f a c e  t rea tment  groups.  The c e l l s ,  t h e i r  t r e a t -  
ment and e l e c t r i c a l  parameters are i d c n t i f i c d  i n  Table 3.4-2. 
A 1 1  t h r e e  groups had been e t ched  and/or t e x t u r i z e d  wi th  so lu t , ions  of 
NaOII. A h o t ,  aqueous 30% NaOR s o l u t i o n  e t c h e s  t h e  s u ~ * f . ~ c c  f a i r l y  
uniformly,  bu t  rcaves  p i t s  about 50 llm i n  diameter .  A ho t  2% NnOII, 
20% Isopropyl  Alcohol,  t c x t u r i n q  s o l u t i o n  has a negligible etch r a t e  
i n  t h c  (111) direction which l eaves  t h c  ( 1 0 0 )  s u r f a c e  wi th  f o u r  s ided  
pyrnmirls. Thc r a t e  a t  which t h e s e  NaOII: s o l u t i o n s  a t t a c k  t h e  s u r f a c e  
i s  dependent on t h e  amount of s u r f a c e  damagc, t h e  tempcrnturc of t he  
s o l u t i o n ,  t h e  s o l u t i o n  concen t r a t i on ,  ti16 re la t ivc?  frtlt\-bond d ~ n s i t y  
and t h e  s o l u t e  molecule d i f f u s i o n  through t h e  r eac t ion  k~oundary 
l a y e r .  
The f i r s t  p a i r  of  c e l l s  was prepared by s lu r ry - f ed  ganqed s l i c i n g  
followed by c lean ing  and t e x t u r e  e t c h i n g  with  28  a l c o h o l i c  NaOR a t  
8 0 O ~  f o r  55 minutes.  F igu re s  3.4-A(a) and 3.4-A(b) show a t y p i c a l  
s u r f a c e  rey ion  of  t h e  h igher  ou tpu t  s o l a r  c e l l ;  t h e  s u r f a c e  appears  
t o  be f r e e  of  p i t t i n g .  The pyramids a r e  broad and 11al~e a d i s t r i b u -  
t i o n  ranging from 0.2 t o  15  pm wi th  t h e  two extremes d i sp ropor t ion -  
a t e l y  represen ted .  An average s u r f a c e  s e c t i o n  o f  t h e  low(.r ou tpu t  
s o l a r  c e l l  has  p i t s  of about 50 pm i n  d iameter  (F igun> 3.4-,(a)) and 
has  a  s l i g h t l y  h ighe r  d e n s i t y  o f  smal l  pyramids (F igu re  3.443 (b )  ) . 
The second p a i r  of c e l l s  was prepared i n  a manner s i m i l a r  t o  
Group 1 but  had a  30% NaOH t r ea tmen t  a t  1 1 0 ~ ~  f o r  1 . 5  minutes 
p r i o r  t o  t h e  t e x t u r i n g  t r ea tmen t .  The h igh  ou tpu t  dc.vice has  
p i t s  of 30 t o  60 ilm (F igure  3.4-C ( a )  . Small pyramicis of  about 
4 pm i n  base  width diameter  and a  narrow s i z e  d i s t r i b u t i o n  appear  
on t h e  s u r f a c e  (F igure  3.4-C(b)) . There seems t o  be s l a r g e r  
number of deeper  p i t s  of t h e  same diameter  i n  t h e  low ou tpu t  s o l a r  
c e l l  (F igure  3.4-D(a)) . The pyramid morphology and d e n s i t y  seems 
t o  be about t h e  same a s  t h a t  of t h e  h igh  ou tpu t  s o l a r  c e l l  (F igure  
3 .4-D(b)) .  
Table 3 . 4 - 2  
CRLTJS EXAPIYI?D BY SRM FOR SURFACE TOPOGRAPHY 
*20G by volume Isopropyl Alcohol 
I No. -I.---_- 1 2 3 4 5  G - -  ----A 
-I_C____ - 
Pre -E tch  Bail Texture  ~ t c h  
30% NaOII 80% 2% NaOIi* 
lP4inu.kes S ecorlds 
1 - 1 - - * - - ~ ~  - _ 
0 . 0  
0 . 0  
1 . 5  
1 . 5  
5 .5  
5 .5  
. -*.- --.-_ * .--+" _-- 
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F i g u r e  3 . 4 4 2 .  C.a!-fL~:-,\ ~c::o,.:?-~::?h\~ ~f ! i ic : !~ O u t p u t  Solar Cell 
!"1-(-::2rr.:! b.: 'I'r??:t.::!-c r t c h  A f t o r  1 . 5  M i n u t e s  , 
j n ' i ~  ?;a!>:! S p l  j l t j  (1" <:+: I 1 OOC 
l i t  1. -1-P(b) 5 0 0 1  
The t h i r d  p a i r  of cells had a  5.5 minute 30% NaOH e t c h i n g  t r ea tmen t  
p r i o r  t o  t e x t u r i n g .  An average s u r f a c e  s e c t i o n  of  t h e  h igh  ou tpu t  
s o l a r  c e l l  has  very deep 25 pm p i t s  (F igure  3.4-E(a) ) . The pyramids 
appear very t h i n  wi th  most of t h e  base  d iameters  being e i t h e r  l a r g e  
% 1 2  u m  o r  s m s l l  % 4 pm (F igure  3.4-E (b)  ) . The low outpu t  c e l l  does 
no t  have many p i t s  (F igure  3.4-F ( a )  ) b u t  does have t h e  same t h i n  
shaped pyramids (F igu re  3.4-F (b)  ) . 
The b e s t  s o l a r  c e l l s  appeared t o  have minimal p i t t i n g  wi th  l a r g e  
broad pyramids, h e i g h t  t o  base  d iameter  r a t i o  of about 0 . 5  t o  1 . 0 .  
However t h e r e  does no t  appear t o  be a  s i g n i f i c a n t  d i f f e r e n c e  i n  
t h e  observable  s u r f a c e  s t r u c t u r e  of h igh and low ou tpu t  c e l l s .  
Di f fe rences  i n  e t c h  t rea tment  p r i o r  t o  t e x t u r i z i n g  lead  t o  d i f f e r -  
ences i n  observable  s t r u c t u r e  which may be s i g n i f i c a n t  i n  terms of 
c e l l  ou tpu t .  The o v e r a l l  y i e l d  of h igh ou tpu t  s o l a r  c e l l s  was 
degraded as more p r e t e x t u r i n g  t rea tment  occurred.  Also t h e  y i e l d  
of good c e l l s  progressed:  Group 1 > Group 2 .- Group 3. The smal l  
t h i n  pyramids observed wi th  long pre-etch t imes may be more suscep- 
t i b l e  t o  mechanical damage dur ing  t h e  f a b r i c a t i o n  of t h e  ce l l ,  t h u s  
r e s u l t i n g  i n  more recombination c e n t e r s  o r  shunt ing  and poor y i e l d .  
An a d d i t i o n a l  wafer s u r f a c e  p repa ra t ion  tes t  was performed wi th  
i n g o t s  procured from Wacker ( 1 0  ohm-cm). These i n g o t s  were sec-  
t i o n e d  i n t o  2.125" cubes and s l i c e d  t o  produce wafers  w i th  a ( 1 1 0 )  
s u r f a c e  o r i e n t a t i o n .  The normal 30% NaOH e t c h i n g  t rea tment  f o r  
20 minutes r e s u l t e d  i n  t h e  removal of 6 m i l s  from t h e  s u r f a c e .  
( L O O )  wafers  gene ra l ly  l o s e  3 m i l s  i n  20 minutes.  This  t r ea tmen t  
produced a p a r t i a l l y  t e x t u r e d  s u r f a c e .  This  s u r f a c e  p repa ra t ion  
would produce an i r r e g u l a r  s u r f a c e  i f  app l i ed  t o  EFG r ibbons o r  
p o l y c r y s t a l l i n e  wafers  s i n c e  t h e s e  m a t e r i a l s  have numerous su r -  
f a c e  o r i e n t a t i o n s .  Assuming s h e e t  m a t e r i a l  i s  d e l i v e r e d  t o  a  
i 
! ' i,:~:~-,- : .;-!- . . *  I . .  . , . +   , I , - ~ '  , '  \ ' \ ~ '  " I:\*!,; , ..- I : ,  .!I , + >:(\l;lr c p l  1 
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c e l l  company wi th  s u r f a c e s  f r e e  o f  s a w  damage, it w i l l  be d e s i r a b l e  
t o  t r e a t  s h e e t  s u r f a c e s  t o  e s t a b l i s h  a s t anda rd  s u r f a c e  condi t ion  
which i s  cons t an t  wi th  t ime.  Plasma e t c h i n g  was i n v e s t i g a t e d  a s  a 
p o s s i b l e  technique f o r  c r e a t i n g  such a s t anda rd  s t a t e .  
An e v a l u a t i o n  o f  plasma e t c h i n g  non-surface damaged wafers  
EFG and Web wafers)  p r i o r  t o  j unc t ion  formation was conducted i n  
o r d e r  t o  p repare  d i r t y  o r  ox id i zed  wafers  f o r  t h e  junc t ion  forma- 
t i o n  s t e p .  Sawed CZ wafers  were f i r s t  e tched  i n  NaOH t o  remove 
- 
s u r f a c e  damage. These wafers  were t h e n  d iv ided  i n t o  two groups;  
one f o r  c o n t r o l s ,  and one f o r  plasma e t c h i n g  i n  Freon 1 4  and 8% 
o r  s u l f u r  hexaf l u o r i d e   SF^) . 
The group of wafers  set a s i d e  f o r  plasma e t c h i n g  was  place^; i n  an 
open a r e a  t o  accumulate dus t  and o t h e r  fo rc iqn  ma t t e r .  A f t e r  a 
oe r iod  o f  one week t h e s e  wafers  w e r e  s epa ra t ed  i n t o  f o u r  subgroups,  
L, 
two of  which were plasma e tched  i n  F C 85 O2 f o r  4 and 8 seconds,  1 4  
and t h e  remaining two were plasma etched Ln SF6 f o r  4 and 8 seconds.  
J u n c t i o n s  were formed i n  t h e  fou r  groups by sp inn ing  on PX-10, 
d ry ing  and d i f f u s i n g  t h e  wafers .  The plasma e tched  and c o n t r o l  
wafers  were t h e n  processed t o g e t h e r  through t h o  remaining s t e p s  of  
t h e  b a s e l i n e  p ~ o c e s s i n g  sequence. Table  3 . 4 - 3  l i s t s  t h e  r e s u l t a n t  
d a t a  of t h e  experiment.  
P 
It i s  e v i d e n t  t h a t  cells e tched  wi th  F 1 4  + 88 O 2 were i n f e r i o r  t n  
t h e  c o n t r o l s  i n  most cases .  The c e l l s  e t ched  i n  SF6 were a s  good 
a s  t h e  c o n t r o l s  i n  most c a s e s .  
These r e s u l t s  i n d i c a t e  t h a t  plasma e t c h i n g  wi th  SF6 may be  an  
e f f e c t i v e  method of p repar ing  a non-surface damaged wafer f o r  
j unc t ion  format ion.  I n  t h e  case  of  saw damaged wafe r s ,  plasma 
e t c h i n g  i s  no t  c o s t  e f f e c t i v e ,  s i n c e  long pe r iods  of  e t ch ing  a r e  
r equ i r ed .  Hot NaOH i s  t h e  most economical method of removing 
sawed s u r f a c e  damage. 
T a b l e  3 . 4 - 3  
PLASMA ETCHING OF NON-DAMAGED WAFERS 
PRIOR TO JUNCTION FORMATION 
(No AR C o a t i n g )  
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3.5 DIFFUSION MASK PROCESS 
3.5.1 -- Recommendations 
Many difficulties were encountered in attempting to develop a print- 
able dielectric paste which would act as a barrier for thc diffusion 
of the NS and P+ dopants and could therefore be used to eliminate 
thc~ junction cleaning process. Although dielectric pastes were 
dc\.eloped which act as ba~riers for diffusion, we were not able to 
obtain satisfactory cell output curves. We conclude that this pro- 
cess is nat at a suitable state of readiness. 
Work -- Performed --- Dielectric l_L___I__ Paste Development* 
Thu following criteria wore selected for guizing the development of 
thc diffusion maskinq dielectric: 
Maturation (firing temperature = 850 - 9 0 0 ~ ~ )  
Barrier to phosphorus migration 
Thermal coefficient of linear expansion, 3.9 
to 4.6 x loe6 per OC 
Good melting properties 
Stability with respect to water 
Stability with respect to silicon at the 
maturation temperature 
Structural and chemical stability with 
respect to thermal cycling in subsequent 
P- messing 
-6 o Thc low expansion co~~ficirnt of silicon (3.9 to 4.6 x 10 / C) dic- 
t-ates the use of glasles whose compositions can be modified to obtain 
-6 o 
expansion values below 4 x 10 / C. The glasses must mature within 
*I.'( 1: a more detailed discussion see Appendix B. 
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the selected temperature ranges and exhibit the required physical 
characteristics when applied to silicon. In general, the expansion 
coefficients of glasses are inversely proportional to the maturation 
temperature. Low expansion glasses usually have high maturation tem- 
peratures. 
The glass systems investigated were selected based on the following 
considerations: 
1. Those with low expansion coefficients which 
would mature within the required temperature 
limits; and 
2. Coating systems with acceptable maturation 
temperatures and composition which can be 
altered to reduce the expansion coefficient 
and not affect the firing characteristics. 
Based on criteria (1). (2), and (3), five families of glasses were 
selected as potential candidates. The i:~itial compositions are shown 
in Table 3.5-1. 
Series 1 - Beta Syodurnene Glasses 
This family of glass was selected because of lcw expansion character- 
istics and low viscosity at about 1 0 9 0 ~ ~ .  Additionally, prescription 
of spodumene promotes thermal stability. 
Series 2 - Magnesia-Alumina Borosilicate Glasses 
These glasses are based on a commercial composition which has a cal- 
-6 o culated expansion coefficient of 3.9 x 10 / C' and a maturation 
temperature of 1010"~. 
T a b l e  3 . 5 - 1  
STARTTNG COMPOSITIONS O F  T7TFr"lTSION IVmSKJNG 
I7IET~EC'TRIC'S 
E q u i v a l e n t s  % = - * -  I 
BaO - - 0 . 1 3 3  - 0 . 3 9 5  
L izO 0 . 8 1 1  - - 0 . 1 4 9  - 
MgQ 0 . 1 8 9  0 . 8 7 5  0 . 7 8 3  - 0 . 4 3 6  
CaO - 0 . 1 2 5  0 .043  0 . 0 8 0  0 . 0 8 5  
ZnO - - 0 . 0 4 1  0 . 0 5 5  0 . 0 8 4  
I Tota l  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 
'101 .-. -.. Percent 
BaO - - 3 . 5 2  - 1 5 . 0 6  
I J i 2 0  1 7 . 4 6  - - 2 . 7 1  - 
M5JO 4 .07  1 7 . 3 4  2 0 . 7 9  - 1 6 . 6 2  1 
Ca Q - 2 . 4 8  1 . 1 4  1 , 4 6  3 .24  1 
S e r i c s  3  - Baria-Magnesia B o r o s i l i c a t e  
--  
0 T h i s  series h a s  a m a t u r a t i o n  t e m p e r a t u r e  o f  100 C and a  low cspans ion  I 
due t o  t h e  h i g h  c o n t e n t  o f  MgQ, B2Q3 and SiOZ T h i s  series i s  s i m i l a r  
t o  S e r i e s  7 ,  a l t h o u g h  t h e  l a t t e r  h a s  a  h i g h e r  BaO and lower  MtlO,  and , 
B2Q3 c o n t e n t .  I i 
S e r i e s  5  - T i t a n i a  P r e c i ~ i t a t e d  G l a s s  
T h i s  g l a s s ,  when smel ted  and w a t e r  quenched ( i . e . ,  coo led  q u i c k l y )  i s  
t r a n s p a r e n t .  When it i s  matured on a  s u b s t r a t e  and c o o l e d  s lowly  
(a i r -quenched)  th rough  6 2 0 ' ~  and 7 0 0 ~ ~  t h e  t i t a n i a  c r y s t a l l i z e s  a s  a 
m i x t u r e  of  a n a t a s e  and r u t i l e .  T h i s  s t r u c t u r e  i s  a  primc c o n t r i b u t o r  
t o  the rmal  s t a b i l i t y  ,of t h e  c o a t i n g .  
S e r i c s  7 - B a r i a  Magnesia B o r o s i l i c a t e  
- -  -- 
These g l a s s e s  a r e  s i m i l a r  t o  t h o s e  i n  S e r i e s  3; e x c e p t  t h a t  i n i t i a l l y  
they  c o n t a i n e d  a  h i 7 h e r  q u a n t i t y  o f  BaO and lower q u a n t i t y  o f  MqO 
and S i 0 2 .  They a r e  t h e r e f o r e  " s o f t e r "  g l a s s e s  and would t e n d  t o  hove 
lower m a t u r a t i o n  t e m p e r a t u r e  t h a n  t h o s e  of  S e r i e s  3 .  The S e r i e s  7  
g l a s s e s  a r e  l i t h i a  and sodium f r e e .  
The i n v e s t i g a t i o n  of v a r i a t i o n s  of t h e s e  series i s  d e s c r i b e d  i n  d e t a i l  
i n  Appendix B.  
D i f f u s i o n  B a r r i e r  T e s t s  and C e l l  F a b r i c a t i o n  
P
S e r i e s  5E-7and5E-8 ( T a b l e  3 .5 -2 )were  e v a l u a t e d  a s  d i f f u s i o n  b a r r i e r s  
by s u b j e c t i n g  P-type s i l i c o n  w a f e r s  t o  a  d i f f u s i o n  c y c l e  u s i n g  Emul- 
s i t o n e  N-250 phosphorus d i f f u s i o n  s o u r c e .  The s i l i c o n  s u r f a c e  under  
t h e  b a r r i e r  c o a t e d  a r e a s  was t e s t e d  by s t a i n i n g  t e c h n i q u e s  an3  
r e s i s t i v i t y  measurement. No ev idence  o f  phosphorus p e n e t r a t i o n  
was d e t e c t e d .  
Table 3.5-2 
ZnO .%SO 
- - 1 6 2  . I 5 0  - 
T ~ 7 i  ?l 1 . 0 0 0  1 . 0 0 0  1.. 0 0 0  
R2Q3 2 .  '152 2 . 9 3 2  2 . ' ? 5 2  
' r i 0 2  1 . 3 3 3  1 . 4 8 9  - 
S io2 7 . 3 3 8  7 . 8 2 3  8 . 7 3 1  
ZnO 
I ? s p n n s  i o n  5 . 2  I C o r f  f i c i e n t  
( 3 )  G l a s s  srncl t od  i n  p l a t  inurn c r u c i b l e  
Attempts  were t h e n  made t o  i n t e g r a t e  t h i s  mask i n t o  t h e  p r o c e s s  
sequence : 
P r i n t  and f i r e  mask 
D i f f u s e  
P r i n t  and f i r e  aluminum back 
C e l l s  produced w i t h  compos i t ions  5E-7 and 5E-8 were v e r y  i n f e r i o r .  
T e s t s  o f  a r e f o r m u l a t i o n  i n  which t h e  t i t a n i a  was r e p l a c e d  by s i l i c a  
(Composition 5E-7-1) w e r e  t e s t e d  w i t h  e q u a l l y  d i smal  r e s u l t s .  The 
use  of a p la t inum c r u c i b l e  f o r  t h e  f r i t  f a b r i c a t i o n  d i d  n o t  improve 
t h e  r e s u l t .  
These ce l l  f a b r i c a t i o n  exper iments  w e r e  r e p e a t e d  w i t h  some modi f i -  
c a t i o n  o f  p r o c e s s  sequence and extel lded t o  i n c l u d e  compos i t ion  
7E-8-1, Tab le  3.5-3. Two d i f f e r e n t  p r o c e s s  sequences  were used  a s  
o u t l i n e d  i n  T a b l e  3.5-4. The e s s e n t i a l  d i f f e r e n c e  i n  t h e  two 
sequences  i s  t h e  u s e  o f  a p r i n t e d  aluminum back i n t e r m e d i a t e  s t e p  
i n  t h e  second sequence .  
The e f f e c t s  o f  p o t e n t i a l  t i t a n i a ,  c l a y  c r u c i b l e  and a l k a l i  m e t a l  
con tamina t ion  were i n v e s t i g a t e d  by f a b r i c a t i n g  ce l l s  u s i n g  P r o c e s s  1 
(no  aluminum) and p a s t e s  5E-7, 5E-7-1 P and 7E-8-1. C e l l  c h a r a c t e r -  
i s t i c s  a t  A t d l  and 2 8 O ~  a r e  r e p o r t e d  i n  Tab le  3.5-5. It  s h o u l d  be  
no ted  t h a t  t h e  5 series samples were run a s  a group,  whi le  t h e  7 
series u n i t s  w e r e  p r o c e s s e d  a t  a subsequen t  d a t e .  
The d a t a  o b t a i n e d  i n  t h i s  series of exper iments  comple te ly  f a i l  t o  
s u p p o r t  t h e  hypo theses  of c o n t a m i n a t i o n  a r i s i n g  from t h e  t i t a n i t i ,  
c l a y  c r u c i b l e  o r  a l k a l i  m e t a l  i o n s .  The b e s t  r e s u l t s  were s e e n  
w i t h  o r i g i n a l  5E-7 d i e l e c t r i c ,  w i t h  e a c h  a t t e m p t  a t  r e f inement  
r e s u l t i n g  i n  p o o r e r  c h a r a c t e r i s t i c s .  E - I  c u r v e s  f o r  t h e  c e l l s  w i t h  
c o n t a c t  f i r i n g  t i m e s  of  20 seconds  a r e  shown i n  F i g u r e  3.4-A. 
Although t h e  b e s t  cel ls  o b t a i n e d  h e r e  w e r e  r e l a t i v e l y  i n f e r i o r ,  t h e y  
w e r e  f a r  s u p e r i o r  t o  t h o s e  o b t a i n e d  i n  t h e  o r i g i n a l  e v a l u a t i o n .  I n  
t h a t  exper iment  t h e  use  o f  an aluminum back was i n c l u d e d .  
T a b l e  3 . 5 - 3  
COMPOSITSON OF SERIES 7E-8-1 DIFFUSION MASKING DIELECTRICS 
( E q u i v a l e n t s )  
T a b l e  3.5-4 
PROCESS SEQUENCES FOR EVALUATIHG 
DIFFUSION MASKING DIELECTRICS 
a )  P r i n t  and d r y  d i f f u s i o n  d i e l e c t r i c  
b )  F i r e  d i f f u s i o n  d i e l e c t r i c  
( 7  minu tes  @ 8800C) 
c )  D i f f u s e  wafe r  (phosphine)  
(60 minu tes  a t  8 5 0 ° ~ )  
d )  Back e t c h  wafe r  
e) Remove d i e l e c t r i c  w i t h  HF 
f )  P r i n t  f r o n t  c o n t a c t  and d r y  
(TFS A256 + 2 %  N d i f f u s o l )  
g )  P r i n t  back c o n t a c t  and d r y  
(TFS A256 + 2% N d i f f u s o l )  
h )  F i r e  f r o n t  and back c o n t a c t  
(20 seconds  a t  7 0 0 0 ~ )  
a )  same 
b )  same 
C )  same 
d )  P r i n t  aluminum, d r y  and 
f i r e  (10  seconds  a t  
900OC) 
e) Remove aluminum w i t h  
c o n c e n t r a t e d  H C 1  
f )  same 
g )  same 
h )  same 
T a b l e  3.5-5 
C e l l  c h a r a c t e r i s t i c s  a t  AM1 and 28O f o r  cel ls  f a b r i c a t e d  w i t h  
e x p o s u r e  t o  d i f f u s i o n  masking d i e l e c t r i c  d u r i n g  t h e  d i f f u s i o n  s t e p  
( P r o c e s s  S e q u e n c e 1 , T a b l e  3 .5 -4 ) .  Repor t ed  v a l u e s  a r e  t h e  a v e r a g e s  
o f  t h e  number o f  c e l l s  i n  p a r e n t h e s e s .  
C o n t a c t  F i r i n g  
Time (sec) 
Voc (mV) 




















585.7 ( 3 )  
588.6 ( 3 )  
Figure 3.5-A. C h a r a c t e r i s t i c  curves 
i n g  d i e l e c t r i c s  appl ied .  
(Table 3.5-5 f i r i n g  t i m e  20 sec.) 
.3 '> 4 
Voltage ( v o l t s )  
C e l l s  were nex t  f a b r i c a t e d  u s i n q  p r o c e s s  sequences  1 and 2  ( T a b l e  
3.5-4)and f o r m u l a t i o n s  5E-7 and 93-8.  C e l l  c h a r a c t e r i s t i c s  a t  AM1 
and 2 8 O ~  a r c  r e p o r t c d  i n  Tab le  3.5-6. The major  problem w i t h  c u r v e  
shape  i n  t h i s  exper iment  appcnred t o  b e  n very  low s h u n t  r c s i s t a n c e .  
T h i s  was v e r i f i e d  by e s t i m a t i n g  t h e  s h u n t  r e s i s t a n c e  u s i n q  t h e  d a r k  
r e v e r s e  current .  on a  number of  ce l l s .  These e s t i m a t e s ,  a l s o  r e p o r t e d  
i n  T a b l e  3.5-6, were a l l  below 10 ohms i n  c o n t r a s t  t o  a normal v a l u e  
o f  120 ohms o r  more. 
I n  t h i s  exper iment  t h e  i n t r o d u c t i o n  of  aluminum back c o n t a c t s  i n t o  
t h e  p r o c e s s  sequence  had a n  a d v e r s e  impact  on t h e  s o l a r  c e l l  char -  
a c t e r i s t i c s ,  however, t h e  ce l l s  f a b r i c a t e d  u s i n g  t h e  5E-7 d i e l e c -  
t r i c  and p r o c e s s  sequence  1 were dec j .d fd ly  i r l f c r i o r  t o  t h o s e  o b t a i n e d  
i n  t h o  p r e v i o u s  exper iment .  T h i s  r e s u l t  s u q q e s t s  t h e  p r e s e n c e  o f  an 
u n i d e n t i f i e d  p r o c e s s  v a r i a b l e  which was not. b c i n q  c o n t r o l l f d .  
The cel ls  f a b r i c a t e d  w i t h  5E-8 d i e l e c t r i c  and aluminum backs w e r e  
edge  e t c h e d  i n  o r d c r  t o  d e t e r m i n e  t h e  e x t e n t  t o  which a d d i t i o n a l  
l e a k a g e  might  b e  a t t r i b u t e d  t o  edge s h u n t i n g .  C c l l  c h n l - a c t a r i s t i c s  
b e f o r e  and a f t e r  edge e t c h i n g  a r e  compared i n  T a b l e  3.5-7 w i t h  t h o s e  
f o r  c e l l s  f a b r i c a t e d  from t h e  same p a s t e  w i t h o u t  t h e  aluminum back 
( p r o c e s s  sequence  1 ) .  The edge e t c h i n o  p r o c e s s  s u b s t a n t i a l l y  
improved t h e  performance of  t h e  c e l l s  f i r e d  for 20  seconds .  Examin- 
a t i o n  of  t h e  i n d i v i d u a l  c e l l  data showed t h a t  t h e  poor  r e s u l t  f o r  
t.he 25  second f i r i n q  t i m e  qroup was due t o  ana  c e l l  whose c u r r e n t  
a t  l o a d  dropped from 330 mA t o  149 m.A d u r i n q  t h e  edqe e t c h i n g  pro-  
cess. 
One f u r t h e r  a t t e m p t  was made t o  produce ce l ls  and/or  i d e n t i f y  t h e  
s o u r c e  o f  d i f f i c u l t i e s  u s i n q  t h e  p r o c e s s  sequence  and c o n t r o l s  
q i v e n  i n  Table  3.5-8. 
Table 3.5-6 
i Effect of aluminum firing on cell characteristics of cells fabricated with exposure to diffusion masking dielectric during the diffusion 
P step (Table 3.5-4) .  Reported values are the averages for the number of 
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25  2.1 (1) 
Process Process 
1 2 
Table  3.5-7 
E f f e c t  of edge e t c h i n g  on c e l l  c h a r a c t e r i s t i c s  of  aluminum 
back c o n t a c t  c e l l s .  Reported d a t a  a r e  averages  f o r  t h e  
number of  c e l l s  i n d i c a t e d  i n  paren theses .  
- -- 
_ -------.-- *-- ------_--__ 
Process  
Sequence * 2 2 1 
Edge - - -~ ..-- --.- 
~ r e a t m e n t  , None Etched None 
Contact  I F i r i n g  
Time 
1 2 0  s e c  
20  s c c  I 25 
20  s e c  
25 
*See Table  3.5-4 
Table  3.5-8 
PROCESS SEQUENCE USED TO EVALUATE 
DIFFUSION MASKING DIELECTRIC 
1. T e x t u r e  e t c h  
2 .  P r i n t  and d r y  masking d i e l e c t r i c  ( edge  of  wafe r )  
3 .  F i r e  d i f f u s i o n  masking d i e l e c t r i c  
4 .  ~ h o s p h i n e  d i f f u s e  w a f e r s  
5 .  HF back o f  w a f e r s  
6 .  P r i n t ,  d r y  and f i r e  aluminum p a s t e  (Ampal 631 
aluminum p a s t e )  
7 .  HF w a f e r s  
8. Remove u n c o n s o l i d a t e d  aluminum powder and c l e a n  
w a f e r s  
9. P r i n t ,  d r y  and f i r e  f r o n t  s i l v e r  p a s t e  
9a. Dice 1 . 4 "  s q u a r e s  ( c o n t r o l s  o n l y )  
1 0 .  T e s t  cel ls  
C o n t r o l  S e t  1 o m i t t e d  S t e p  2 
C o n t r o l  S e t  2 o m i t t e d  S t e p s  2 and 3 
C a n t r o l  c e l l s  ware p r o c c s s c d  i n  parallel, i n  an  a t t e m p t  t o  d e t e r m i n e  
t h e  e x a c t  modes of  f a i l u r e .  The f i r s t  set o f  c o n t r o l  wafe r s  o m i t t e d  
S t e p  2  t o  de te rmine  whether  t h e  w a f e r s  might  c x p e r i e n c c  f r o n t  s u r f a c e  
con tamina t ion  a t  t h i s  p o i n t .  A second set  o f  c o n t r o l  wafe r s  o m i t t e d  
S t e p s  2  and 3 ,  t o  d e t e r m i n e  whether  t h e  p r e s e n c e  o f  d i e l e c t r i c  i n  
t h e  d i f f u s i o n  t u b e  miqht  c r e a t e  problems. C o n t r o l  ce l ls  r e q u i r e d  a n  
edge c lean-up which was p rov ided  by c u t t i n q  1 .4"  s q u a r e s  between 
S t e p s  9 and 1 0 .  
F i v e  t y p e s  of  masking d i e l e c t r i c s  (5E-7, 5E-7-1, 5E-8, 7E-•20 and 73-24) 
were e v a l u a t e d  us inq  t h i s  sequence .  The r e s u l t s  a r e  q iven  i n  Tab le  
3.5-9. I n  e v e r y  c a s e  cel ls  w i t h  masking d i e l e c t r i c  had a poor  o u t p u t  
a s  compared t o  t h e  c o n t r o l  c e l l s .  A number o f  c e l l s  Ercm each group 
showed ev idence  of f r o n t  s i l v e r  c o n t a c t  p e e l i n g ,  which was a t t r i b u t e d  
t o  poor  c l e a n i n g  p rocedures  i n  S t e p  8 .  I 
The 5 s e r i e s  d i e l e c t r i c  had a  low o u t p u t  a t  l o a d ,  and p o r t i o n s  o f  
t h e  aluminum back c o n t a c t  had  p e e l e d  on t h e  5E-7.  his p e e l i n g  
of  t h e  aluminum c o n t a c t  o c c u r s  a d j a c e n t  t o  t h e  d i f f u s i o n  mask d i c l c c -  
t r i c .  Sanding t h e  edqes  of  t h e  c e l l s  t o  improve o u t p u t  was n o t  
advanta(fn?us. Edqe c lean-up by sawing s q u a r e s  was n o t  f e a s i b l e  w i t h  
t h e  d i f f u s i o n  d i e l e c t r i c ,  which f o u l e d  t h e  d i c i n g  saw b l a d e .  The 
7  series d i e l e c t r i c  d e v i t r i f i e d  and c racked  d u r i n g  t h e  d i f f u s i o n  
s t e p ,  which r e s u l t e d  i n  c e l l s  o f  low o u t p u t .  Sanding t h e  edqcs  o f  
t h e  c e l l s  improved t h e  o u t p u t ,  i n d i c a t i n q  t h a t  t h e  7 series d i e l e c -  
t r i c  i s  n o t  a n  e f f e c t i v e  phosphine  d i f f u s i o n  b a r r i e r .  A l l  o f  t h e  
cel ls  produced w i t h  a  d i e l e c t r i c  had an  e r r a t i c  o u t p u t  a t  l o a d  
which was a t t r i b u t e d  t o  h i g h  back c o n t a c t  r e s i s t a n c e .  Th i s  c o n t a c t  
r e s i s t a n c e  was reduced by u l t r a s o n i c a l l y  s o l d e r i n g  t i n  pads t o  t h e  
back,  0ppos i t . e  t h e  f r o n t  c o n t a c t  pads .  
The r e s u l t s  o f  t h i s  exper iment  i n d i c a t e  t h a t  t h e s e  d i f f u s i o n  mask 
d i e l e c t r i c s  a r e  d e t r i m e n t a l  t o  t h e  c e l l ' s  o u t p u t  and a l s o  Lave 
d e t r i m e n t a l  e f f e c t s  on  t h e  aluminum back s u r f a c e  f i e l d .  Three  o f  
S a m p l e  
- 
5E7-1 
C o n t r o l  1 
C o n t r o l  2  
5E7 
Control  1 
C o n t r o l  2  
5E 8 
Cont ro l  1 
C o n t r o l  2  
7E20 
C o n t r o l  1 
C o n t r o l  2  
732 4  
C o n t r o l  1 
C o n t r o l  2  
T a b l e  3 .5-9  
FGSULTS OF CELL FABRICATION TEST OF 
DIFFUSION MASKING DIELECTRICS 
C e l l s  B r o k e  
488  - 5 5 7  1 6 . 6  - 3 0 . 7  0  - 1 4 . 7  
5 9 1  - 6 0 4  3 0 . 6  - 3 1 . 5  2 1 . 4  - 2 6 . 0  
C e l l s  B r o k e  
R s h  
ohms  
Lllo d i c l c o t  r i c - s  (513-7-1, 5E-8 and 7 G - 2 4 )  were t h e n  s e l e c t e d  f o r  f u r t h e r  
vc.1.i.f i c n t  .ion of tlltls~ 1-cisults.  C a l l s  wcrc p r o c c s s c d  i n  nccordnncc 
w i t 1 1  t h c  ~ c l l t > c l ~ l r ~  shown i11 Tablo 3.5-8, e x c e p t  f o r  a n  ndd i t io l ln l  
c l c o n i n q  i n  a ~ i i l u t ~  so lu t : ion  of  a r c t i c  ociA a t  S t e p  8 .  Thoso c e l l s  
tiid not p x p c l * i p n r ~  ~lrly f r o n t  s i l v e r  cor , toc t  pcc?l inq,  b u t  d i d  expcr-  
i c n c e  a l  lmminum pccli.nrl n s s o c i n t ~ d  w i t h  shral-  P o i l u r e  of t h e  s i l i c o n .  
Thcsc c e l l s  hat1 o r e a s o n a b l y  h i g h  s h o r t  c i r c u i t  curl-mt (Isc above 
600 IA) , but low opotl c i r c u i t  voltil ' lc (Voc) and o u t t ) ~ l t  ilt  l o a d  ( 1500) , 
T a b l e  3.5-10. Tho n p p l i c a t i o n  of t h e  t i n  s o l d c r  pad d i d  n o t  produce  
any not ic t : i~blc  i.mgl-ov~mncnt (TLtblt. 3.9-1 l) . Thttsr, cel l  s were subsc-  
q u c n t l y  cdqe c t c h c d ,  which iinprovcd thc s h o r t  c i r c u i t .  c u r r e n t ,  open 
c i r c u i t  valtL3qe and c>~,it,put at load .  The d a r k  vcvcrse  c u r r e n t  a t  
500 n~v was mcnsurrd i n  or-dcr t o  c s t i m a t c  s h u n t  r e s i s t d n c c  ( R s h ) .  
The shurlt sosis l- , \n~-t '  fc7s r l l  1 t . 1 ) ~  I - ~ 1  s  W ~ S  kc>(> low ( 1 - 4  12) f o r  ( ~ o c ~ d  
s o l a r  c e l l  pcrfr)rmLlncc. 
Wo conelurl t~d fa:-\ . I t  t  hclsc r>xp~c l - in~~-n t s  t h a t :  
1) Tht. t l i c l ~ x - t l ' i r s  ~ I r r  not  &I s u f  fici . t .nt  ba r r i e r  t o  c l o c t r i c a l  con- 
d u c t  i o n  bccnust? of t-i t  hc>r concIu,*kian undt?r , th~-ouqh o r  o v e r  
t h e  c l i ~ l c c  t i - i c .  
2 )  rpht> s i l  ir.on-\iic>l ~ > c t  rii, i n t p s a c t  i o n  i n t r o d u c e s  dt l t r imanka1 e f f e c t s  
i r ~ t o  i:h,.< h1.12k s i l i c o n  which causc a low shunt  1 - e s i s t a n c a .  
3 )  The a1 umi num-diclcct  r i c  in tcr r~c;  t.ion c a u s e s  pcc l  incl ~f t h e  back 
nlumir~um-sil  icc~rl cVcntact  p o s s i b l y  by in tc l r fcr inc l  w i t h  t h e  reqr0w.t-h 
ut' t h e  b ~ c k  su~-fc~c-c  fitblcl. 
4 )  Some of tht. ilic.loctl:ic-s s t u d i a t l  react. w i t h  tllc phosphinc  d i f f u -  
s i o n  aqen t  wlliclr c n u s f s  thr d i o l r t - t r i c  t o  d e v i t r i f y .  
~ l l c  t?xtunt of the prbc>hlt-ms associater"i i t l1  t h e  Aic l  t . c t r i c s  arc t.oo 
q r e a t  t-0 pnnblp t h i s  pi-oc*c\ss t o  bc n l n s s c d  as s u i t t i b l c .  f o r  i n c l u s i o n  
i n  tht. prc~cc.ss scr~ut\ncc-. 
T a b l e  3 .5-10  
P AVERAGE VALUES OF PARAPIIE1,I!ERS OF 2.12" ROUND CELLS 








5 / 4  
As  F a b r i c a t e d  
voc 
mV 
5 5 8 . 2  
5 3 4 . 8  
5 3 1 . 6  
A f t e r  E d g e  E t c h  
V  oc 
mV 
5 8 4 . 0  
Isc 
mA 
6 4 8 . 0  
6 4 1 . 8  
6 1 5 . 2  
'500 
mA 
1 9 4 . 0  
9 6 . 6  
7 4 . 8  
5 7 7 . 2  
5 7 1 . 0  
Isc 
rnA 
6 6 0 . 4  
'500 
mA 
4 0 6 . 8  
'sh 
ohms 
2 . 8 9  
T a b l e  3 . 5 - 1 1  
EFFECT OF T I N  SOLDER PAD ON CURRENT OUTPUT 
AT LOAD POINT, DIFFUSION MASKING DIELECTRIC TEST 
2 . 1 2  INCH ROUND CELLS, NO AR COATING 
* C e l l  edge sanded 
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3 . 6  DIFFUSION PROCESS 
3 . 6 . 1  Recommendations -
The N-250 d i f f u s i o n  s o u r c e  was found  t o  b e  s a t i s f a c t o r y  f o r  u s e  
on t e x t u r i z e d ,  s c r e e n  p r i n t e d  cel ls  a s  a p p l i e d  by  s p i n n i ~ l g  o r  
a i r - b r u s h  s p r a y i n g  a n d  d i f f u s e d  i n  t h e  t e m p e r a t u r e  r a n g e  from 
8 5 0 ~ ~  t o  9 0 0 ~ ~ .  The recommended d i f f u s i o n  s o u r c e  f o r  non- 
t e x t u r i z e d ,  s c r e e n  p r i n t e d  cel ls  i s  ~ c c u s p i n ~ ~ x - 1 0 ,  due t o  
i n c o n s i s t e n t  r e s u l t s  o b t a i n e d  w i t h  N-250. I n i t i a l  work w i t h  
I - R  f u r n a c e  d r y i n g  and  f i r i n g  sp in -on  PX-10 was v e r y  encourag -  
i n g ,  and  f u r t h e r  e x p e r i m e n t a l  deve lopment  work i n  t h i s  a r e a  i s  
recommended. P r e l i m i n a r y  work w i t h  s p r a y i n g  PX-10 d i f f u s i o n  
s o u r c e  w i t h  a  hand h e l d  Paaschc  a i r b r u s h  i n d i c a t e s  t h a t  PX-10 
may be u t i l i z e d  a s  e i t h e r  a spray-on  o r  sp in-on  s o u r c e .  
3 .6 .2  Work Pe r fo rmed  
P r e l i m i n a r y  tes ts  were made w i t h  two phosphorus  s o u r c e s  as 
a l t e r n a t i v e s  t o  g a s e o u s  s o u r c e s .  ~ m u l s i t o n e  E m i t t e r  S o u r c e  
N-250 ( ~ m u l s i t o n e  Co., Whippany, N e w  J e r s e y )  y i e l d e d  c e l l s  w i t h  
p r o p e r t i e s  s i h i l a r  t o  t h o s e  o b t a i n e d  wich  o u r  a e r o s p a c e  p r o c e s s  
g a s e o u s  PH s o u r c e .  The s e c o n d  a l t e r n a t i v e  s o u r c e  was a T r a n s e n e  3  
1020N Phosphorus   iffu us ant P re fo rm ( T r a n s e n e  Co. , I n c .  , Rowloy, 
M a s s a c h u s e t t s )  which  gave  r e s u l t s  somewhat i n f e r i o r  t o  t h o s e  
o b t a i n e d  w i t h  t h e  sp in -on  and  g a s e o u s  s o u r c e s .  
The Emuls i tone  N-250 s o u r c e  was a p p l i e d  t o  t e x t u r i z e d  round  
( 2  i n c h )  and  s q u a r e  (2  c m )  w a f e r s  a t  a  s p i n  rate  o f  3000 RPM. 
The w a f e r s  were s l i c e d  from 2-3 ohm-cm b o r o n  doped  c r y s t a l s .  
The c o a t e d  w a f e r s  were baked f o r  10 m i n u t e s  a t  1 2 5 ' ~  and t h e n  
d i f f u s e d  f o r  30 m i n u t e s  a t  8 5 0 ' ~  i n  a  f l o w i n g  n i t rogen-oxygen  
gas  mix tu re  (500cc/min N 2 ,  20 cc/min 0 2 ) .  The o t h e r  ce l l  pro- 
c e s s i n g  s t e p s  c o n s i s t e d  of  s t a n d a r d  c o n t r o l l e d  a e r o s p a c e  s o l a r  
c e l l  p r o c e s s i n g  methods, w i t h o u t  AR c o a t i n g .  Measurements o f  
open c i r c u i t  v o l t a g e ,  s h o r t  c i r c u i t  c u r r e n t  and c u r r e n t  a t  300 mV 
were made u s i n g  AM1 Xenon i l l u m i n a t i o n .  R e s u l t s  o b t a i n e d  w i t h  
t h e  s q u a r e  c e l l s  a r e  r e p o r t e d  i n  Tab le  3.6-1. 
The Transene  1020N Phosphorus D i f f u s a n t  Preform i s  comprised o f  
a  t h i n  ( 2 . 5  m i l s )  d i s c  impregnated w i t h  a  phosphorus compound. A 
sample o f  cel ls  was p r e p a r e d  w i t h  t h e s e  preforms u s i n g  t h e  same 
d i f f u s i o n  c o n d i t i o n s ,  c e l l  p r o c e s s i n g  and measurement t e c h n i q u c ? ~  
a s  were used w i t h  t h e  Emuls i tone  s o u r c e .  R e s u l t s  a r e  r e p o r t e d  
i n  Tab le  3.6-2. 
A s m a l l  c o n t r o l  sample was p repared  u s i n g  t h e  p H 3  s o u r c e  used i n  
o u r  normal  ae rospace  c e l l  p r o c e s s i n g .  I n  t h i s  c a s e  t h e  d i f f u s i o n  
c y c l e  c o n s i s t e d  o f  5 minu tes  p r e - h e a t ,  Z D  minutes  d e p o s i t i o n ,  and 
1 0  minu tes  of f u r t h e r  d r i v e - i n ,  a11 a t  8 5 0 ~ ~ .  Gas f low condi-  
t i o n s  vrere t h e  same a s  i n  t h e  p r e v i o u s  r u n s ,  a s  were t h e  o t h e r  
ce l l  p r o c e s s i n g  and measurement t e c h n i q u e s .  R e s u l t s  a r e  r e p o r t e d  
i n  Table  3.6-3 where t h e  s t a n d a r d  d e v i a t i o n  is  r e p l a c e d  by i t s  
unbiased  e s t i m a t e ,  s 
x ' 
~ x a m i n a t i o n  o f  cel ls  p r o c e s s e d  w i t h  t h e  Transene  1020N s o u r c e  
showed t h a t  t h e  t e t r a h e d r a l  peaks  and edges  had been rounded by 
a c o r r o s i v e  o r  d i s s o l u t i o n  p r o c e s s  and t h a t  r e s i d u a l  s t a i n s ,  
which c o u l d  n o t  b e  removed w i t h  h y d r o f l u o r i c  a c i d ,  appeared  
e r r a t i c a l l y  on t h e  c e l l  s u r f a c e s .  Both of t h e s e  p r o c e s s e s  would 
have  a n e g a t i v e  impact  on s h o r t  c i r c u i t  and l o a d  p o i n t  c u r r e n t .  
The Emuls i tone  N-250 G i f f u s i o n  s o u r c e  w a s  s u c c e s s f u l l y  a p p l i e d  
by a i r  b rush  s p r a y i n g  and c o n t a c t  t r a n s f e r  t e c h n i q u e s  t o  y i e l d  
Table  3.6-1 
DIFFUSION DATA 
Emuls i tone  N-250 Spin-On Source 
2 c m  Square  Wafer 
* C e l l s  t r e a t e d  a s  o u t l i e r s ,  d a t a  n o t  i n c l u d e d  i n  c a l c u l a t e d  
s t a t i s t i c a l  pa ramete r s .  
Table 3.6-2 
DIFFUSION DATA 
Transene 1 0 2 0 N  Phosphorus Dif fusant  Preform 
2 c m  Square Wafer 
*Cells t r e a t e d  a s  o u t l i e r s ,  d a t a  not 




Phosphine (Control Sample) 
2 cm Square Wafer 
*Unbiased estimate of standard deviation 
u n i  form : iunc t i t>ns  ant1 c?f f i c i c n t :  s o l a r  ca l l s .  I t  was found t h a t  
i  f i:htl , i l q ~ l  i t b d  LL~pt \ r  is tcm t h i c k ,  it may f l n k c  d u r i n g  d r y i n g .  
Tili s tlli c k n c s s  limit a t i o n  w a s  lcss  s t r i n g t ? r l t  f o r  t t . x t u r i z c d  t . l ~ i \ ~ ~  
po l  isllt\~l o r  semi-pc>l i s h c d  t.t>lls. B t > t t c ? r  c o n t r o l  of t h t>  sp~-,zyt>d 
I ayt.r P11icknc.s~ was achilavcd throuc--ll t 3 i l u t i o n  of tilt. N-250 by 
t l l t l  L~t-l~li.tic>ll of L i n h y d n ~ u s  iisolll-upyl c ~ l c o l ~ o l  t o  30'?% volumi> conct.11- 
t r a t  i o n .  The a~q11ic.d d i  f  Eus i o n  s a u r c t l  was f i r t \ d  i n  a n i  ttroqon 
0 0 k ~ t . m a s ~ . r l t r t  w i t h  a 2 5  m i n u t e  ramp f rom 700  r' u p  to qOr1 L', ci tcin 
m i  n u t c  clrivi. ci t  t h i s  t t ~ m & ~ c r a t u r c  ,ind a  25 minut t?  rnnq) back  dawn 
t o  700"c1 i n  ,111 ccist\s. 
Tht> N-250 ~ I i f f t l s i o n  sc7ul-t-tl wL1s found  t o  l r i c l d  c u n s i s t t ~ n t l \ ~  grwd 
r ~ 3 s u l  t s  w i t h  t t>s tu l - i  z t 4  we'ift\1-s. 1x1 ,ittt>rnlbtint~ kt7 ust. t h i s  
d i f f u s i o n  sou rc t>  wit11 n tw- t t \ s tu l - izc i l  'cvafers, t h t \  d i l u t c \ d  N-250 
l\l-t>c-t.ss tII S C U S S C C ~  e a r l i  t\r w;is found  t o  g i v e  e r r a t  i c ~ - t > s u l t s .  
N~111-eli l i l t : t>c i  N-2511 w d s  a l so  i , nv t ? s t i ya t  c d ,  and  s i m i l a r l y  w c ~ s  found  
t t 7  ~ ~ r c ~ t l u c t ~  tlrrcit.ic 1 - c s u l t s .  Suhstvlucnt  d c v t ~ l ~ > ~ ~ m t ? l ~ t  work f o c u s ~ d  
012 tllti t.vl>lu;.ition of  , i l t c l - n t ~ t  ivt. d i f f u s i o n  s o u r e c s .  
J n  ,I f i r s t  cs1lcrimc.nt , n lco l~o l - l ansed  N - 2 5 0  (d i1u t t .d )  was cum- 
p.~r-cd w i t 1 1  w~tt.r-h,ist.d l 'host~horof  i l m "  source (hotSh o b t  ciint.1~3 from 
E m u l s i t l a n ~ ~  ~ ' c ? . )  , md. tllt:! e f f c \ c t s  o f  vCz1-iaus a t m u s ~ ~ l l c i - c s  Ivcrt. 
i n v t > s t  1 ,yattld. N ~ I L ~ I I  pt>l i  shtld (11011-testurizcd) 2- in~? l l  round  w, \Et~rs  
wt.l-t> tist5~1 t'ol- t h i s  C S P O ~ - ~ I I I ~ ? I ~ ~ .  The w a f e r s  were c l c a n e d  usinky 
,I llytIl-c7qt~n p e r - o s i d c .  ammonium h y d r o x i d e  s c3 lu t ion  w!lich was 
s h t ~ \ l n  t t 3  1 C ~ \ \ ~ C >  ,.I 11y~3r~p l l i l i c -  su l - f ace  011 the cel ls  which  ii11i7tved 
un i form wcltt. i n q .  D i  f f u s i k w s  were c a r r i e d  nut a t  8 5 0 " ~  f o r  t'10 
m i n u t e s .  We cilsc? u s e d  a  v a r i e t y  of a t m o s p h e r e s  as depict .e t1  i n  
Table .i . G - 4 .  r't.11 f s b l - i s a t i n n  was cc~mpletecl  w i t h  p r i n t e d  
,3luminum b.an~-ks , clwrnipal  c l c a n i n y  of f r o n t  o x i d e s  and  aluminum 
b,ick ,ind f r o n t  s u r f  a c c  p r i n t t \ ~ I  s i l v e r  f  r t m t  c o n t a r t s  , and cl rapo-  
r a t  tid L i~ l t i - l - e f  lert i t~11 c o d t i ~ l q .  T l l ~  ~ o i n p l e t t ?  p~-occss s c q u e n c c  
t h u s  1-eflcct s t*ht. b a s t \ l i n e  p r t l c e s s  except f u r  f r o ~ l t  s u r f a c e  
Table 3.6-4 
EFFECT OF DIFFUSION SOURCE 
AND ATMOSPHERE ON CELL PERFOP+'GNCE 
Cell structure: 
2.12" round 2 ohm-cm wafers 
i 
EVAP. SiO AR DIFFUSION CONDITIONS NO AR 
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c l e a n i n g  and AR c o a t i n g .  The b e s t  r e s u l t s  f o r  N-250 was d i f f u -  
s i o n  i n  N 2  f o r  70 m i n u t e s ,  fo l lowed  by O 2  f o r  1 0  minu tes  a t  8 5 0 ~ ~ .  
C e l l s  emerging from t h i s  t r e a t m e n t  y i e l d e d  open c i r c u i t  v o l t a g e s  
a s  h i g h  a s  620 mV and l o a d  p o i n t  c u r r e n t  (I500) a s  h i g h  a s  600 mA 
w i t h  an  e v a p o r a t e d  AR c o a t i n g .  
There appeared  t o  b e  an i n t e r a c t i o n  between t h e  d i f f u s i o n  atmos- 
phere  and development o f  t h e  P+ s t r u c t u r e  w i t h  t h e  N-250 s o u r c e .  
High open c i r c u i t  v o l t a g e s  were o b t a i n e d  w i t h  mixed n i t r o g e n -  
oxygen atroosphere and w i t h  n i t r o y e n  fo l lowed  by oxygen. With 
pure  oxygen o r  pure  n i t r o g e n  s i n g l e  a tmospheres ,  open c i r c u i t  
v o l t a g e s  were below 590 mV. I n  t h e  c a s e  o f  t h e  p u r e  oxygen 
atmosphere,  t h e  s h e e t  r e s i s t a n c e  was h i g h ,  i n d i c a t i n g  i i  sha l low 
j u n c t i o n  and p robab le  s h u n t i n g  o f  t h e  j u n c t i o n  by t h e  f r o n t  
m e t a l l i z a t i o n .  I n  t h e  c a s e  o f  t h e  n i t r o g e n  a tmosphere ,  t h e  
r e s u l t i n g  d i f f u s i o n  f i l m  was p o o r l y  removed by h y d r o f l u o r i c  
a c i d ,  presumably due t o  t h e  p r e s e n c e  o f  s i l i c o n  n i t r i d e  o r  oxy- 
n i t r i d e .  Th i s  may g i v e  r i s e  t o  f r o n t  c o n t a c t  r e s i s t a n c e  and/or  
i n t e r f a c e  w i t h  t h e  P+ fo rmat ion  on t h e  back s u r f a c e .  
@ The r e s u l t s  w i t h  t h e  Phosphorof i lm s o u r c e  were q u i t e  e r r a t i c  
and i n f e r i o r  a s  compared t o  t h o s e  f o r  t h e  N-250. T h i s  may b e  
due t o  a s h a l l o w e r  j u n c t i o n  a s  ev idenced  by t h e  43 h i g h e r  s h e e t  
r e s i s t a n c e  v a l u e s  obse rved  f o r  t h e  Phosphorof i lm s o u r c e .  No 
s a t i s f a c t o r y  P-t- ( a s  evidenced by Voc) was o b t a i n e d  f o r  any of  
0 t h e  Phosphorof i lm d i f f u s i o n s .  
I n  a second exper iment ,  t h e  e f f e c t  o f  d i f f e r e n t  s u r f a c e  pre-  
p a r a t i o n  methods on d i f f u s i o n  from t h e  N-250 s o u r c e  were 
e v a l u a t e d .  The m a t r i x  i n c l u d e d :  (1) h y d r o p h i l i c  c l e a n ,  ( 2 )  
l e a v e  a s  e t c h e d  af te : '  NaOH p o l i s h ,  ( 3 )  bake i n  atmosphere f o r  
15  minutes  a t  2 0 0 ~ ~ .  The o n l y  one o f  t h e  above t h r e e  methods 
showing any s i g n  o f  d e w e t t i n g  was t h e  bake  f o r  15 minutes  a t  
200°c. This  was r e p e a t e d  a  second t i m e  w i t h  i d e n t i c a l  r e s u l t s .  
A t  t h i s  time, it appears  t h a t  it may n o t  be n e c e s s a r y  t o  hydro- 
p h i l i c  c l e a n .  A f t e r  d i f f u s i n g  t h e  t h r e e  groups  o f  c e l l s  a t  
8 5 0 ' ~  i n  n i t r o g e n  fo l lowed by oxygen, it was found t h a t  an 
e r r a t i c a l l y  h i g h  s h e e t  r e s i s t a n c e  o c c u r r e d  w i t h  t h e  ' h y d r o p h i l i c '  
group.  Based on p rev ious  e x p e r i e n c e ,  it s h o u l d  have been i n  t h e  
same r a n g e  a s  t h e  ' a s  e t c h e d '  group ( s e e  s h e e t  r e s i s t a n c e  d a t a  
i n  Tab le  3 .6-4) .  Table  3.6-5 shows t h e  s h e e t  r e s i s t - a n c e  v a r i a -  
t i o n s  o f  each group.  
The ~ h o s ~ h o r o f i l m "  was compared w i t h  c o n c e n t r a t e d  N-250 and 
Accuspin PX-10 d i f f u s i o n  s o u r c e s .  D i f f u s i o n s  were c a r r i e d  o u t  
a t  9 0 0 ~ ~  f o r  v a r i o u s  t imes  on 'as e tched '  s u r f a c e s .  C e l l  o u t p u t s  
a r c  p r e s e n t e d  i n  Tab le  3 , 6 - 6 .  The N-250 s o u r c e  showed t h e  
b e t t e r  u n i f o r m i t y  i n  t h i s  exper iment .  The PX-10 produced t h e  
h i g h e s t  o u t p u t  c e l l .  The ~ h o s p h o r o f i l m "  once  a g a i n  was ve ry  
e r r a t i c  and i n f e r i o r  compared t o  t h e  o t h e r  two s o u r c e s .  P r e -  
l i m i n a r y  d a t a  on t h e  PX-10 appeared  ve ry  promis ing .  
Time-temperature r e s p o n s e  s u r f a c e s  were i n v e s t i g a t e d  f o r  bo th  
c o n c e n t r a t e d  N-250 and Accuspin"' PX-10. C e l l  f a b r i c a t i o n  i n  
bo th  c a s e s  was completed u s i n g  p r i n t e d  aluminum b a c k s ,  chemical  
c l e a n i n g  of  f r o n t  d i f f u s i o n  o x i d e ,  and aluminum baclcs, and 
a p p l i c a t i o n  o f  p r i n t e d  s i l v e r  f r o n t  c o n t a c t s .  The p r o c e s s  
sequence  r e f l e c t s  t h e  b a s e  l i n e  p r o c e s s  e x c e p t  f o r  t h e  f r o n t  
s u r f a c e  c l e a n i n g  procedure  and t h e  f a c t  t h a t  no AR c o a t i n g  was 
a p p l i e d .  
TABLE 3 . 6 - 5  
DIFFUSED SHEET RESISTANCE OBTAINED WITH 
DIFFERENT SURFACE PRETREATMENTS 
Wafer ~ y d r o p h i l i c  B a k e d  NaOH P o l i s h e d  
N u m b e r  C l e a n  15  M i n . - 2 0 0  C A s  E t c h e d  
Table 3.6-6 
COMPARISON OF IFFUSION FROM N-250 
PHOSPHOROFIL $ AND ACCUSPINQDPX-10 
AT 9 0 0 ~ ~  
MEASURELI WITHOUT AR . COATING 
Time and Defective* voc vsc '500 
Atmosphere Source % mV - mA - mA 
50 min. N2 N-250 0 601 499 453 
10 min. O2 
25 min. N2 N-250 0 599 479 426 
5 min. O2 
50 min. N2 Phosphorofilm 20 553 473 287 
10 min. O2 
25 min N2 Phosphorofilm 40 505 408 22 
25 min. N2 PX-10 20 602 507 424 
5 min. 02 
5 min. O2 
*Fill factor less than 55% 
For t h e  i n i t i a l  exper iments  w i t h  c o n c e n t r a t e d  N-250 s o u r c e ,  w e  
used NnOB p o l i s h - e t c h e d  (non- tex tu red)  2" round wafe r s  t h a t  
werc h y d r o p h i l i c  c l e a n e d  p r i o r  t o  sp ray ing .  The d j  f f u s i o n  
t ime  and t e m p e r a t u r e  was v a r i e d .  The e l e c t r i c a l  performance 
r e s u l t s  were ver:? e r r a t i c ,  w i t h  t h e  b e s t  r e s u l t s  be ing  o b t a i n c a  
w i t h  f i r i n g  i n  N 2  o n l y  f o r  SO m i n u t e s ,  fo l lowed  by O2 f o r  1 0  
minu tcs  (Tab le  3 .6-7) .  These pa ramete r s  gave open c i r c u i t  
v o l t a g e s  a s  h igh  a s  611 mV and l o a d  c u r r e n t  a s  h i g h  a s  
488 mA w i t h o u t  AR c o a t i n g .  
Another  makrix u s i n g  NaOH e t c h e d  ( n a n - t e x t u r e d )  2-inch round 
wafe r s  was run .  One group w e s  h y d r o p h i l i c  c l e a n e d  b e f o r e  
s p r a y i n g .  The s u r f a c e s  o f  t k e  remaining w a f e r s  werc l e f t  " a s  
i s "  a f t e r  NaOH p o l i s h  e t c h i n g  b e f o r e  s p r a y i n g  on t h e  d i f f u s i o n  
s o u r c e .  D i f f u s i o n  was c a r r i e d  o u t  a t  9 0 0 ~ ~  f o r  v a r i o u s  times, 
which a r e  l i s t e d  i n  t h e  l a s t  t h r e e  e n t r i e s  o f  Table  3.6-7. The 
r e s u l t s  o f  t h i s  t es t  i n d i c a t e d  t h a t  f i r i n g  f o r  50 minu tes  i n  N 2  
o n l y ,  fo l lowed  by O2 f o r  10 minu tes  w i t h o u t  h y d r o p l l i l i c  t r e a t -  
ment is c a p a b l e  of  producing ce l l s  a s  good a s  t h o s e  which under- 
went t h e  h y d r o p l l i l i c  t r e a t m e n t  p r o c e s s ;  however, a  l l igher  
p r o p o r t i o n  o f  d e f e c t i v e  ce l l s  was g e n e r a t e d .  I t  appears  t h a t  
t h e r e  was poor P+ BSF fo rmat ion  i n  each group a s  i n d i c a t e d  by 
an e r r a t i c  Voc. These r e s u l t s  s u g g e s t  t h a t  N-250 i s  n o t  a  
s a t i s f a c t o r y  spray-on d i f f u s i o n  sourck? s i n c e  c x c e s s i v c l y  deep 
j ~ i n c t i o n s  ( 'L 10-15) a r e  r e q u i r e d  i n  o r d e r  t o  o b t a i n  c o n s i s -  
S = 
t e n t  r e s u l t s .  The observed l o a d  and s h e - t  c i r c u i t  c u r r e ~ t s  f o r  
t h e s e  deep j u n c t i o n s  (Tab le  3 . 6 - 7 )  werc d e c e p t i v e l y  h i g h  due t o  
t h c  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  t u n g s t e n  l i g h t  s o u r c e  used  f o r  
t h e  rnc - l . s ~ r e m e n t s .  
The i n i t i a l  r e s u l t s  o b t a i n e d  w i t h  t h e  PX-10 s o u r c e  were v e r y  
good. Diffusion was c a r r i e d  o u t  a t  9 0 0 ~ ~  f o r  v a r i o u s  t i m e s  a s  
showr, i n  Table  3.6-8. We used NaOH p o l i s h e d  e t c h e d  2" round 
T a b l e  3 .6-7  
TIfi1E-TEEIPERATURE RESPONSE SURFACE FOR DIFFUSION 
WITH CONCENTRATED N-250 SOURCE 
MEASURED WITHOUT AR COATING 
D e f e c t i v e  * P s  voc ISC 
T r e a t m e n t  % 
'500 
r O h m s b  mV rnA rnA 7 0  m i n .  N 2  I 
1 0  min.  o2 40  1 2  5 9 3  4 5 8  3 1 5  
8 5 0 ' ~  
-. 
( 7 0  m i n .  N~ I 
1 0  m i n .  O2 6 0  6 9  5 8 9  5 1 0  
8 7 5 ' ~  
210 I 
150 m i n .  N~ I 
1 0  m i n .  G2 0 9 . 5  6 0 3  5 2 8  470  
900°c 
- .- 
( 3 0  m i n .  N 2  I 
1 0  min. O2 0 1 7  5 8 7  4 6 2  
9 2 5 ' ~  
( 1 5  min. N~ 
1 0  m i n .  O2 0 1 6  6 0 3  508  416  1 
950°c 
I 
* F i l l  f ac tor  less t h a n  5 5 %  
, 














5 0  min. N 2  
1 0  m i n .  O2 1 4 . 2  1 3  5 9 8  487  420  
900°c 
-. 
3 0  m i n .  N 2  
1 0  m i n .  O2 5 0  1 9  5 9 6  5 1 8  344  
900°c 
1 5  m i n .  N2 
1 0  m i n .  O2 3 7 . 5  4 0 5 8 1  502  3 2 9  
9 0 0 ~ ~  
5 0  min. N2 
1-0 m i n .  O2 7 0  1 7  498  4 3 3  4 3 3  
900°c 
Table 3.6-8 
TIME-TEMPERATURE RESPONSE S FACE D FOR DIFFUSION WITH ACCUSPIN PX-10 
MEASURED WITHOUT AR COATING 
900°c 
Defective* Ps voc Isc '500 
Treatment % Ohms/o mV mA ma 
10 min. N2 
5 min. O2 10 30-35 607 550 478 
15 min. N q  
10 25-30 604 530 453 
1G min. O2 
30 min. N2 
14 20-22 604 507 438 
10 min. O2 
d 
60 min. N 2  
11 15-18 600 494 400 
10 min. O2 
*Fill factor less than 55% 
w a f e r s  w i t h  no h y d r o p h i l i c  t r e a t m e n t  b e f o r e  s p r a y i n g  on t h e  
PX-10 source .  D i f f u s e d  w a f e r s  were g i v e n  a back e t c h  i n  con- 
c e n t r s e e d  H F  a c i d .  The b e s t  r e s u l t s  were o b t a i n e d  w i t h  t h e  
PX-10 d i f f u s e d  i n  N 2  o n l y  f o r  10  m i n u t e s ,  fo l lowed  by O2 f o r  5  
minu tes ,  f o r  a  t o t a l  d i f f u s i o n  t i m e  o f  1 5  minutes .  These con- 
d i t i o n s  produced open c i r c u i t  v o l t a g e s  a s  h i g h  a s  605 mV and 
l o a d  p o i n t  c u r r e n t  (Iso0) a s  h i g h  a s  495 mA w i t h o u t  an AR 
c o a t i n g .  The s h e e t  r e s i s t a n c e  r a n g e  was 30-35 n/D. 
Exper imenta l  t e s t s  were c o n t i n u e d  i n  an e f f o r t  t o  v e r i f y  t h e  
e x p e r i m e n t a l l y  obse rved  s u p e r i o r  performance o f  c e l l s  sp rayed  
w i t h  PX-LO, o v e r  c e l l s  sp rayed  w i t h  N-250. 
The f i r s t  group o f  ce l l s  was f a b r i c a t e d  u s i n g  t h e  b a s e l i n e  pro-  
c e s s i n g  sequence.  NaOH e t c h e d  2" round w a f e r s  were used t o  
compare t h e  N-250 and PX-10 d i f f u s i o n  s o u r c e s .  The PX-10 c e l l s  
gave t h e  b e s t  r e s u l t s .  The average  open c i r c u i t  v o l t a g e  was 
604 mV and t h e  a v e r a g e  l o a d  p o i n t  c u r r e n t  (I500) was 4 3 2  mA f o r  
19 o f  20 c e l l s .  For  t h e  N-250 ce l ls  t h e  a v e r a g e  open c i r c u i t  
v o l t a g e  was 602 mV and t h e  average  l o a d  p o i n t  c u r r e n t  (I500) 
was 409 rnA f o r  1 4  o f  20 cells.  
A s  a  f u r t h e r  comparison o f  t h e  PX-10 and t h e  N-250 d i f f u s i o n  
s o u r c e s ,  an exper iment  was run  v a r y i n g  t h e  a p p l i e d  t h i c k n e s s  of  
PX-10. I n  run 4.27.9 a  t h i n  spray-on c o a t  o f  PX-LO, a  t h i c k  
c o a t  o f  PX-10 and a  normal  c o a t  o f  N-250 were a p p l i e d  on 2.12 x  
2.12 i n c h  s q u a r e  NaOH p o l i s h e d  w a f e r s .  The cells '  w e r e  p rocessed  
i n  accordance  w i t h  t h e  proposed sequence e x c e p t  t h a t  t h e  
j u n c t i o n s  were c l e a n e d  chemica l ly  and t h e  w a f e r s  were n o t  AR 
coa ted .  
The e l e c t r i c a l  performance r e s u l t s  o f  t h i s  run  i n d i c a t e d  e f f i -  
c i e n c i e s  o f  8 .6% ( e q u i v a l e n t  t o  11 .5% w i t h  AR c o a t i n g )  , 10 .4% 
(= 13.90 w i t h  AR c o a t i n g )  and 8 .4% (= 11.1% w i t h  AR c o a t i n g )  f o r  
t h e  average  e f f i c i e n c y  o f  t h e  t h i n  PX-10, t h i c k  PX-10 and N-250, 
r e s p e c t i v e l y  (Tab le  3 .6-9) .  The performance o f  c e l l s  w i t h  t h i n l y  
a p p l i e d  PX-10 may b e  low due t o  a  non-uniform d i f f u s i o n  which i s  
i n d i c a t e d  by t h e  lower s h u n t  r e s i s t a n c e ,  a l t h o u g h  t h e  s h e e t  
r e s i s t a n c e  o f  d i f f u s e d  w a f e r s  f o r  b o t h  t h e  t h i n  and t h i c k  PX-10 
appeared  t h e  same. Some c e l l s  produced w i t h  t h e  t h i c k  spray-on 
PX-10 s o u r c e  showed a r e a s  o f  s o u r c e  remaining a f t e r  t h e  HF 
t r e a t m e n t .  These l a y e r s  may be  a c t i n g  a s  an a n t i r e f l e c t i v e  
c o a t i n g  i n  t h e s e  a r e a s ,  r e s u l t i n g  i n  i n c r e a s i n g  t h e  s h o r t  c i r c u i t  
c u r r e n t  and c u r r e n t  a t  l o a d .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  v i s u a l  
ev idence ,  t h a t  t h e  c e l l s  w i t h  s p o t t y  s u r f a c e s  g e n e r a l l y  have 
h i g h e r  s h o r t  c i r c u i t  c u r r e n t s .  Comparison o f  t h e  two d i f f u s i o n  
s o u r c e s  i s  confused because  t h e  performance c h a r a c t e r i s t i c s  of 
t h e  deep ly  d i f f u s e d  N-250 group a r e  s u s p e c t ,  t h e  reason  b e i n g  
t h e  t u n g s t e n  l i g h t  s o u r c e  spectrum used t o  c h a r a c t e r i z e  t h e  c e l l s  
i s  n o t  i n f l u e n c e d  by a  deep j u n c t i o n  a s  much a s  a  t r u e  A M 1  s o l a r  
spect rum would be .  
I t  was s p e c u l a t e d  t h a t  t h e  method o f  a p p l y i n g  t h e  PX-10 s o u r c e  
by a i r  b rush  may be  c o n t r i b u t i n g  t o  t h e  u n i f o r m i t y  problem 
mentioned above. A i r  b r u s h  a p p l i c a t i o n  may n o t  produce a  suf-  
f i c i e n t l y  uni form c o a t i n g .  Spinning-on PX-10 a p p e a r s  t o  g i v e  a  
t h i n  ( ; ~ l  m i l )  un i form l a y e r  of  s o u r c e  which r e s u l t s  i n  a  wafe r  s u r -  
f a c e  which i s  e a s i l y  c l e a n e d  w i t h  an H F  t r e a t m e n t .  To compare t h e  
e f f e c t s  o f  d i f f e r e n t  methods o f  a p p l y i n g  PX-10, c e l l s  w e r e  
f a b r i c a t e d  by spraying-on and spinning-on t h e  d i f f u s i o n  s o u r c e  
t o  a  3" round wafe r  w i t h  a  NaOH p o l i s h e d  (non- tex tu red)  s u r f a c e .  
A f t e r  t h e  Pi- fo rmat ion  and aluminum back c o n t a c t ,  a  2 "  x  2" 
s q u a r e  wafe r  was c u t  o u t .  C u t t i n g  t h e  s q u a r e  w a f e r s  o u t ,  chemi- 
c a l l y  c l e a n i n g  t h e  f r o n t  s u r f a c e ,  and no AR c o a t i n g  were  t h e  o n l y  
T h i n  PX-10 
T h i c k  PX-10 
Table 3.6-9 
Run 4 .27 .9  
PX-10 SPRAYING THICKNESS EFFECTS 
No AR c o a t i n g  
2 .12"  x 2.12'' C e l l s  
AVERAGE 
- 
voc Isc I 5 0 0  Rsh 
(mV) (mA) (mA) ( 1 2 )  
d e v i a t i o n s  from t h e  b a s e l i n e  p r o c e s s .  The spin-on w a f e r s  
appeared  more uni form b u t  were lower  i n  o u t p u t  a t  l o a d  p o i n t  
c u r r e n t  1500. The average  open c i r c u i t  v o l t a g e  was 602 mV w i t h  
t h e  h i g h e s t  b e i n g  604 mV, and t h e  average  l o a d  p o i n t  c u r r e n t  
(I500) was 531 mA w i t h  t h e  h i g h e s t  b e i n g  575 mA. 
A t  t h i s  t i m e  PX-10 appeared  s u p e r i o r  t o  N-250 because  it pro- 
duced ; u p e r i o r  performance cel ls  and a l s o  r e q u i r e d  a  s h o r t e r  
d i f f u s i o n  t ime  c y c l e .  A d d i t i o n a l  exper iments  were t h e n  performed 
t o  e x p l o r e  t h e  t ime- tempera ture  r e s p o n s e  s u r f a c e  f o r  d i f f u s i o n  
with t h e  PX-10 d i f f u s i o n  s o u r c e .  The c e l l s  were f a b r i c a t e d  u s i n g  
t h e  b a s e l i n e  p r o c e s s  sequence ,  w i t h  t h e  e x c e p t i o n  t h a t  t h e  w a f e r s  
wcro s e c t i o n e d  by l a s e r  s c r i b i n g  p r i o r  t o  f r o n t  m e t a l l i z a t i o n  and 
46 AR c o a t i n g  was a p p l i e d .  The d i f f u s i o n  s o u r c e  was a p p l i e d  by 
s p i n n i n g  because  o f  l a c k  o f  s u i t a b l e  s p r a y  equipment .  
The b a s e l i n e  d i f f u s i o n  o f  10 minu tes  i n  N 2  and t h e n  5 minu tes  i n  
0 O2 a t  900 C was performed i n  run  4.30.9. The a v e r a g e  e f f i c i e n c y  
o f  t h i s  run  was 10.0 ( e q u i v a l e n t  t o  13 .3% w i t h  AR c o a t i n g ) .  A 
d i f f u s i o n  t ime  o f  10 minu tes  i n  N 2  and 5  minu tes  i n  O 2  was 
s e l e c t e d  i n  run  4.31.9 w h i l e  t h e  t e m p e r a t u r e  was v a r i e d  between 
850 and 9 2 5 O ~  i n  25Oc i n t e r v a l s .  The a v e r a g e  e f f i c i e n c i e s  f o r  
t h i s  run  w e r e  7 .2% (=  9.8: w i t h  AR c o a t i n g ) ,  8.6% (= 11.6% w i t h  
AK c o a t i n g ) ,  8 .9% (=12.9 w i t h  AR c o a t i n g ) ,  9.3% ( = 1 2 . 5 % w i t h  AK 
c o a t i n g )  , f o r  t h e  850, 875, 900 and 9 2 5 O ~  d i f f u s i o n  t e m p e r a t u r e s ,  
r e s p e c t i v e l y .  The c o n t r o l  group o f  9 3 0 ~ ~  was a b o u t  10% lower  
t h a n  run  4.30.9.  T h i s  d r c p  was t r a c e d  t o  t h e  d i f f u s i o n  s o u r c e  
be ing  spun-on 2nd h i e d  t h e  n i g h t  b e f o r e  t h e  d i f f u s i o n  o c c u r r e d .  
Run 4.31.9 was r e p e a t e d  i n  4 .33 .9 ,  and t h e  s o u r c e  w a s  d i f f u s e d  
w i t h i n  one hour  of s o u r c e  a p p l i c a t i o n .  The average  e f f i c i e n c i e s  
were 9 .2% (=12.3% w i t h  AR c o a t i n g )  , 10.0% (= 13.5% w i t h  AR 
c o a t i n g )  and 9 . 9 %  (= 13.2% w i t h  AR c o a t i n g )  f o r  t h e  850, 875, 
0 900 and 925 C d i f f u s i o n  t e m p e r a t u r e s ,  r e s p e c t i v e l y .  The c o n t r o l  
group o f  9 0 0 ~ ~  was t h e  same a s  run  4.20.9.  The t h r e e  tempera- 
t u r e s  o f  875, 900 and 925OC appear  t o  have s i m i l a r  c ~ f f i c i e n c i e s ,  
b u t  t h e y  do r e f l e c t  a  v a r i a t i o n  i n  s h e e t  r e s i s t i v i t y  and s h o r t  
c i r c u i t  c u r r e n t  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  
0 A s  an a d d i t i o n a l  v e r i f i c a t i o n  o f  t h e  875, 900 and 925 C tempera- 
t u r e  i n v a r i a n c e ,  b o t h  t h e  875 ( r u n  5 .44 .9)  and 9 2 5 O ~  ( run 5 .41 .9 )  
0 
were r e p e a t e d  i n  s e p a r a t e  exper iments  u s i n g  t h e  900 C d i f f u s i o n  
a s  a  c o n t r o l .  I n  run  5 .44 .9  t h e  average  e f f i c i e n c i e s  were 3 . 8 %  
(= 13.1% w i t h  AR c o a t i n g )  and 9 .7% (=  13.2% w i t h  AK c o a t i n g )  f o r  
t h e  875 and 9 0 0 ~ ~  ( c o n t r o l )  d i f f u s i o n  t e m p e r a t u r e s ,  r e s p e c t i v e l y .  
I n  run  5.41.9 t h e  a v e r a g e  e f f i c i e n c i e s  were 9.2% (= 1 7 . 4 %  w i t h  
AR c o a t i n g )  and 9.2% (= 12.3% w i t h  AR c o a t i n g )  f o r  t h e  900 
0 ( c o n t r o l )  and 925 C d i f f u s i o n  t e m p e r a t u r e s ,  r e s p e c t i v e l y .  
Although t h e  performance does  n o t  appear  t o  b e  s t r o n g l y  tempera- 
0 t u r e  dependent  i n  t h e  900 + 25 C r a n g e ,  t h e r e  does  appear  t o  be 
a  s h o r t  c i r c u i t  c u r r e n t  dependence. The t e m p e r a t u r e  dependence 
o f  performance a t  l o a d  may b e  masked by t h e  low s h u n t  r e s i s t a n c e  
i n  t h e s e  runs .  R e s u l t s  o f  t h e s e  exper iments  a r e  summarized i n  
Table  3.6-10. 
I n  view o f  t h e  r e s i s t a n c e  e f f e c t s ,  two more exper iments  were run :  
6.48.9 and 6.51.9. Tab les  3.6-11 and 3.6-12 show a summarizat ion 
o f  t h e  r e s u l t s .  Looking a t  t h e  r e s u l t s  o f  t h e s e  exper iments  i n  
c o n t r a s t  t o  t h e  p r e v i o u s  exper iments ,  t h e r e  a r e  d i f f e r e n c e s  among 
c e l l s  d i f f u s e d  a t  d i f f e r e n t  t e m p e r a t u r e s .  The b e s t  cel ls  were 
o b t a i n e d  from w a f e r s  d i f f u s e d  a t  925OC. The improved s e n s i t i v i t y  
o f  run  0.48.9 a s  compared t o  p r e v i o u s  exper iments  i s  a t t r i b u t e d  
t o  t h e  improvement i n  s h u n t  r e s i s t a n c e .  

















JUNCTION FORMATION EXPERIMENTS 
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Sheet voc Isc '5~0 Rsh 
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Table 3.6-12 
DIFFUSION EXPERIMENT 6-51-9 
Diffusion - Measurements (NO A/R) 
Temp. Time (Minutes) Sheet-R voc Isc '500 Rsh 
Group OC N2-Only 02-Only :!/a mV mA rnA ..- 
*It appears like a mix-up between Groups C and D; might have been interchanged. 
Immediately f o l l o w i n g  t h e  a p p l i c a t i o n  o f  t h e  PX-10 c s f f u s i o n  
s o u r c e ,  t h e  w a f e r s  have been d r i e d  i n  a  c o n v e n t i o n a l  oven a t  
1 . 5 0 ~ ~  f o r 15  minutes .  This  d r y i n g  p r o c e s s  i s  ve ry  c o s t l y  due 
t o  s low th roughpu t .  I n  an e f f o r t  t o  s i g n i f i c a n t l y  reduce  t h e  
p r o c e s s i n g  t i m e  expended a t  t h i s  s t e p ,  an a l t e r n a t i v e  method, 
i n f r a r e d  d r y i n g ,  was exp lo red .  
A group o f  c e l l s  was f a b r i c a t e d  u s i n g  t h e  c o n v e n t i o n a l  p rocess -  
i n g  sequence ,  w i t h  t h e  e x c e p t i o n  t h a t  t h e  PX-10 bak ing  s t e p  
p r i o r  t o  d i f f ~ l . s i o n  was performed i n  an I R  b e l t  f u r n a c e .  The 
h o t  zone of  t h e  I R  f u r n a c e ,  18" i n  l e n g t h ,  was o r i g i n a l l y  s e t  
a t  3 0 0 ~ ~ .  By v a r y i n g  t h e  b e l t  speeds  t o  20, 30, 40 dnd 50 
i n c h e s  p e r  minute ,  t h e  bak ing  t i m e s  f o r  t h e s e  b e l t  syjeeds we: .?i  
0 .1 ,  0 . 6 ,  0.45 and 0.36 minu tes ,  r e s p e c t i v e l y .  The e l e c t r i c a l  
performances c f  t h e  completed I R  baked ar'c c o n v e n t i o n a l  baked 
c e l l s  were measured and may b e  found i n  Tab le  3.6-13. The 
measured p h o t o v o l t a i c  pa ramete r s  (Voc, Isc, 1500 and Rsh) i n d i -  
c a t e d  no s i g n i f i c a n t  d i f f e r e n c e  i n  e l e c t r i c a l  performance between 
t h e  two groups.  The s h e e t  r e s i s t a n c e  f o r  a l l  t e s t e d  c e l l s  ranged 
from 30 t o  40 Q/0. The r e s u l t s  o f  t h i s  work t h e r e f o r e  s u g g e s t  
t h a t  t h e  c o n v e n t i o n a l  bak ing  p r o c e s s  may s u c c e s s f u l l y  b e  r e p l a c e d  
by a  s h o r t - t e r m  bak ing  i n  an I R  b e l t  f u r n a c e  o f  r e a s o n a b l e  l e n g t h .  
P r e l i m i n a r y  e v a l u a t i o n  o f  j u n c t i o n  fo rmat ion  w i t h  an I R  f u r n a c e  
was conducted d u r i n g  t h i s  c o n t r a c t .  High d i f f u s i o n  t e m p e r a t u r e s  
were r e q u i r e d  due t o  f u r n a c e  b e l t  speed  l i m i t a t i o n s .  Th i s  eva lua -  
t i o n  i n d i c a t e d  t h a t  t h e  PX-10 d i f f u s i o n  s o u r c e  c o ~ l d  b e  s u c c e s s -  
f u l l y  f i r e d  i n  a  p r o p e r l y  des igned  I R  f u r n a c e .  
Square  shaped (110) s i n g l e  c r y s t a l s  were p r o c e s s e d  i n  accordance  
w i t h  o u r  s t a n d a r d  p r o c e s s  sequence ,  excep t  t h e  edges  were edge 
e t c h e d  i n s t e a d  o f  l a s e r  s c r i b e d .  Before  t h e  j u n c t i o n  fo rmat ion  
Table 3.6-13 
PX-10 IR BAKE 
-- 
Bake 
150oC, 15 min. 
s t e p  t h e  wafers  were d iv ided  i n t o  t h r e e  groups. The f i r s t  group 
was c o n t r o l s ,  f i r e d  i n  a  t ube  furnace  a t  9 0 0 ~ ~ .  The secolld and 
t h i r d  groups were f i r e d  i n  an I R  fu rnace  a t  925Oc and 9 5 0 ~ ~  
r e s p e c t i v e l y ,  f o r  two minutes. Table 3.6-14 i i s t s  t h e  r e s u l t a n t  
d a t a  of t h e s e  c e l l s  (wi thout  AR c o a t i n g ) .  The s h e e t  r e s i s t a n c e  
.if che second group was very high,  i n d i c a t i n g  t o o  s h o r t  a  d i f f u -  
:,!nr timz o r  t o o  low a  temperature.  T h e  open c i r c u i t  vo l t age  
' s h o r ~  c i r c u i t  c u r r e n t  (Isc) and c u r r e n t  a t  500 mv (I500) 
L d 
w e r e  much lower than  t h e  c o n t r o l s  (Group 1). The low outpu t  of  
t h e s e  c e l l s  was due t o  t h e  shallow junc t ion  and t h e  r a p i d  s p i k e  
f i r i n g  and quenching o f  t h e  I R  fu rnace .  
The shee t  r e s i s t a n c e  o f  t h e  t h i r d  group was i n  t h e  same range a s  
t h e  c o n t r o l  group. The average ou tpu t  of t h e s e  c e l l s  was 
s l i g h t l y  lower than t h e  c o n t r o l s ;  t h e  Voc was 7 mv lower,  t h e  Isc 
was 6 %  lower, and t h e  1500 was 1 0 %  lower. Considering t h e  adverse  
condi t ions  o f  f i r i n g  a t  9 5 0 ~ ~  whe~:e bulk l i f e t i m e  e f f e c t s  degrade 
t h e  c e l l  and t h e  r a p i d  s p i k e  f i r i n g  and quenching t h e s e  c e l l s  
exper ienced,  t h e s e  r e s u l t s  a r e  very  encouraging. These r e s u l t s  
i n d i c a t e d  t h a t  a  p rope r ly  designed I R  fu rnace  may be capable  o f  
f i r i n g  khe spin-on PX-10 d i f f u s i o n  source  t o  produce an e f f i c i e n t  
s o l a r  c e l l .  
Spin-on techniques  f o r  forming junc t ions  a r e  no t  a s  c o s t  e f f e c -  
t i v e  as  spray-on techniques  due t o  low throughput r a t e  and high 
m a t e r i a l  usage. I n  o r d e r  t o  render  t h e  d i f f u s i o n  process  c o s t  
e f f e c t i v e ,  A l l i e d  Chemical has recommended us ing  t h e  ~ c c u s ~ i n @  
PX-2.0 d i f f u s i o n  r,ource f o r  spraying.  An eva lua t ion  o f  PX-10 a s  
a  spxay-on source  was r eeva lua t ed .  
Control  c e l l s  were processed i n  accordance wi th  t h e  convent iona l  
process ing sequence us ing  PX-10.  The c e l l s  under eva lua t ion  

T a b l e  3.6-14 (Ccaz:'- Id) 
GROUP 2 - IR FIRE FOR 2 MIN. AT 9 2 5 ' ~  
(a = 50 - 80 R/O) 
( N o .  o f  cells = 1 2 )  
A v e r a g e  575 .6  

wera p r o e e s s c d  s i m i l a r l y  t o  t h e  c o n t r o l s  except t h e  PX-10 
d i f f u s i o n  s o u r c e  was s p r a y e d  on w i t h  n hand h e l d  P a a s c h t ~  clir1~rus11. 
Tho r e s u l t s  of t h i s  c x p c r i m e n t  a r e  g i v e n  i n  t a b l c  3.6-15. A l l  
c l c c t r i c n l  ~ncasurernents  a r e  idcntica!,  ( +  one s t a n d a r d  dcvln t ion)  , 
Tilarcforc it can  be conc luded  from t h i s  e x p e r i m e n t  th i l t  A l l i e d  
C h ~ m i c a l  ~ c c u s ~ i n ~ ~ ~ - l ~  d i f f u s i o n  s o u r c e  may bo used as a s p r a y -  
on a s  wel l  a s  n sp in-on  s o u r c e .  
Table 3.6-15 
SPIN-ON VS. SPNLY-ON DIFFUSION 
(No AR Coating) 
C O B I R I N G  N' JUNCTION 6 ALUMINUM P' BACK 
3 .7 .1  Recommendations 
-I- We were unable t o  s imul taneously  f i r e  t h e  f r o n t  d i f f u s i o n  ( N  ) 
and t h e  aluminum back c o n t a c t  because of excess ive  r e a c t i o n  of  
t h e  aluminum wi th  oxygen and s i l i c o n .  We recommend t h a t  t h i s  
ope ra t ion  be rep laced  wi th  s e p a r a t e  f i r i n g  c y c l e s  which a r e  spec i -  
f i c a l l y  designed f o r  each process .  
3.7.2 Work Performed 
I n  a t tempt ing  t o  f i r e  t h e  aluminum dur ing  t h e  d i f f u s i o n  c y c l e ,  
w e  have discovered t h a t  t h e  t i m e  r equ i r ed  f o r  t h e  d i f f u s i o n  
causes  excess  d i s s o l u t i o n  of s i l i c o n  i n t o  t h e  aluminum. The 
r e a c t i o n  appears t o  involve  r e a c t i o n  wi th  oxygen is t h e  furnace  
atmosphere, wi th  t h e  development of a t h i c k  scor iaceous  l a y e r  
on t h e  back of t h e  wafer. This  e f f e c t  p rec ludes  f i r i n g  t h e  alumi- 
num dur ing  t h e  d i f f u s i o n  s t e p  as had been o r i g i n a l l y  planned. 
I n  o rde r  t o  r e t a i n  a p rocess  sequence which does no t  involve  
back e t c h i n g  we i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of  f i r i n g  t h e  a idmi-  
num on phosphorus d i f f u s e d  su r f aces .  
I n  o rde r  t o  t e s t  t h i s  p o s s i b i l i t y ,  aluminum p a s t e  was p r i n t e d  
end f i r e d  a t  8 5 0 ~ ~  f o r  30 seconds on one s u r f a c e  of a round, 
2 ohm-cm wafer which had been d i f f u s e d  on both s i d e s  us ing a pH3 
gaseous source .  I n  o rde r  t o  provide an adequate t es t ,  t h e  junc- 
t i o n  depth was 0.35 mm, w e l l  beyond t h e  depth which w i l l  be 
encountered i n  a c t u a l  s o l a r  c e l l  f a b r i c a t i o n .  A f t e r  d i c i n g  i n t o  
2 cm squares ,  c e l l s  were completed us ing  s t anda rd  c o n t r o l l e d  
aerospace c e l l  f a b r i c a t i o n  processes .  AR c o a t i n g  was omit ted.  
Measurements of Voc, Is, and 1500 were made us ing  AM1 xenon 
i l l umina t ion .  The r e s u l t s  a r e  r epo r t ed  i n  Table 3.7-1. 
T a b l e  3.7-1 
PROPERTIES OF SOLAR CELLS WITH ALUMINUM PASTE BACK-FIELD 
NO BACK ETCH 
* C e l l s  treated as ou t l i e r s ,  data not  
included i n  calculated s t a t i s t i ca l  
p a r a m e t e r s -  
This  d i f f u s i o n  c y c l e  f o r  N-250 was t e s t e d  on f @ u r  sets of c ' e l l s  
w i th  v a r i a t i o n s  i n  s u r f a c e  p r e p a r a t i o n  and method o r  dopant a p p l i -  
c a t i o n .  I n  a l l  ca ses  t h e  c e l l s  were f a b r i c a t e d  on 1 0  ohm-cm 
f 
s i l i c o n  wafers  wi th  evaporated c o n t a c t s  and P back s u r f a c e  f i e l d  
2 cm x 2 cm c e l l s  were c u t  from round a f t e r  completion of a l l  pro- 
ce s s ing .  Resu l t s  a r e  r epo r t ed  i n  Table  3.7-2, t o g e t h e r  wi th  t h e  
s u r f a c e  t rea tment  and method of a p p l i c a t i o n .  
The f i r s t  group of samples was sprayed with  a heavy l a y e r  of  
und i lu t ed  N-250. Care was necessary  i n  o rde r  t o  p reven t  f l a k i n g  
upon dry ing ;  po l i shed  samples had a h ighe r  tendency f o r  f l a k i n g .  
A s t a i n  l a y e r  remained on t h e  s u r f a c e  a f t e r  a 5% H F  e t c h  fol lowing 
t h e  d i f f u s i o n .  The group 2 c e l l s  were sprayed wi th  N-250 t h a t  had 
been d i l u t e d  wi th  30% IPA. Very t h i n  l a y e r s  o f  N-250 were a p p l i e d  
and no s t a i n  l a y e r  remained after  t h e  5% HF e t c h .  These c e l l s  
a l s o  provided very good response,  however, Isc i s  lower than group 
1, sugges t ing  t h a t  t h e  s t a i n  i n  t h a t  group a c t e d  a s  an  a n t i r e f l e c -  
t i v e  coa t ing .  N-250 w a s  app l i ed  t o  t h e  t h i r d  group by means of  a 
c o n t a c t  t r a n s f e r  and produced good c e l l s .  Contact  t r a n s f e r  of  
N-250 on to  nontextured c e l l s  (group 4 )  a l s o  produced good c e l l s  
wi th  a reduced ou tpu t  r e s u l t i n g  from l a c k  of t e x t u r i n g .  The high 
+ 
open c i r c u i t  vo l t age  of t h e s e  c e l l s  i s  a t t r i b u t a b l e  t o  t h e  P back. 
Addi t iona l  experiments were c a r r i e d  o u t  on 2 ohm-cm wafers.  I n  
t h e s e  t h e  d i l u t e d  N-250 source  was sprayed on and d i f f u s e d  a t  a  
lower temperature  ( 8 5 0 ~ ~  f o r  30 minutes)  . I n  cne experiment an 
aluminum back was app l i ed ,  i n  t h e  o t h e r  an evaporated back c o n t a c t  
was appl ied .  The r e s u l t s  a r e  r epo r t ed  i n  Table 3.7-3. I n  bo th  
c a s e s  good c e l l s  were ob ta ined  wi th  ou tpu t  a t  load  comparable t o  
c e l l s  i n  t h e  prev ious  experiments.  I n  t h i s  experiment t h e  aluminum 
back d i d  n o t  cause t h e  expected i n c r e a s e  i n  open c i r c u i t  v c l t a s e  
and s h o r t  c i r c u i t  c u r r e n t  f o r  some unknown reason.  
T a b l e  3.7-2 
O u t p u t  P a r a m e t e r s  a t  AM0 f o r  non-AR c o a t e d  ce l l s  p r e p a r e d  by 
d i f f u s i o n  f rom N-250 s o u r c e  w i t h  a d i f f u s i o n  c y c l e  o f  25 m i n u t e s  
ramp f rom 7 0 0 ~ ~  t o  900°c, 1 0  m i n u t e s  a t  900°c, 25 m i n u t e  ramp 
f rom 9 0 0 ~ ~  t o  7 0 0 ~ ~ .  
Expe r imen t  T r e a t m e n t  voc  Isc '400 
S u r f a c e  t e x t u r i z e d  t o  a matte 620 
f i n i s h .  U n d i l u t e d  N-250 a p p l i e d  616 
b y  s p r a y i n g .  Some d i f c u s i o n  617 
r e s i d u e  was r e s i s t a n t  t o  HF, and  619 
a c t e d  as a n  AR c o a t i n g .  614 
619 
6  16  
616 
2. S u r f a c e  t e x t u r i z e d  t o  fo rm 613  
s h a r p l y  d e f i n e d  p y r a m i d s .  613  
U n d i l u t e d  N-250 a p p l i e d  by  612 
s p r a y i n g .  D i f f u s i o n  g l a s s  614 
removed by  HF s o a k  ( 3 0  sec. 612 
i n  5% IIF) 613 
614 
6  16 
615 
- 
X 613.6  
(T 1 . 2 6  
3. S u r f a c e  t e x t u r i z e d  t o  a matte 6  16  
f i n i s h .  N-250 a p p l i e d  by  con- 612 
t a c t  t r a n s f e r  f rom D e x t i l o s e  613  
p a p e r .  D i f f u s i o n  g l a s s  614 
removed b y  HF s o a k  ( 3 0  sec 614 







f T a b l e  3.7-2 ( c o n t i n u e d )  
T r e a t m e n t  t F2g&cs - - - -  -.-- - s c  , .  ,-,'<. ,=--- % -- 
S u r f a c e  smooth  c t c h c d  i n  305 6 1 3  
NaOH. N-250 a p p l i e d  by c o n t a c t  610 
t r a n s f e r  f r ~ m  D e x t i l o s e  p a p e r .  604 
D i f f u s i o n  g l a s s  rcrnoved by ME' 606 
s o a k  ( 1 0  scc i n  55 NF) GO9 
6 '0  
T a b l e  3.7-3 
Output  p a r a m e t e r s  a t  AM0 f o r  non-AR c o a t e d  ce l ls  p r e p a r e d  by d i f f u -  
s i o n  from N-250 s o u r c e  w i t h  a d i f f u s i o n  c y c l e  of 20 minu tes  ramp 
from 7 0 0 ~ ~  t o  8 5 0 ~ ~ ~  30 minu tes  a t  850°ct 20 minute  ramp from 9 0 0 ~ ~  
Experiment  ---- Treatment  voc Isc -a- I400 
1. T e x t u r i z e d  s u r f a c e .  D i l u t e d  599 133 129 
N-259 a p p l i e d  by s p r a y i n g .  597 136 12 9  I 
D i i f u s i o n  g l a s s  removed by soak 602 139 133 
i n  HF ( L O  s c c  i n  5% R F )  600 130 120 
Aluminum back c o n t a c t .  600 134 128 
2 .  T e x t u r i z e d  s u r f a c e .  D i l u t e d  600 
N-250 a p p l i e d  by s p r a y i n g .  604 
D i f f u s i o n  g l a s s  removed by 599 
soak i n  H F  (10 sec i n  5% HF) 599 
Evaporated hack c o n t a c t .  602 
549 










The observed c h a r a c t e r i s t , i c s  a r e  s u b s t a n t i a l l y  t h o s e  one would 
expec t  of a normal P' back f i e l d  ce l l  on t h i s  t ype  of m a t e r i a l ,  
i n d i c a t i n g  t h a t  t h e  j unc t i on  was e l i m i n a t e d  over  s u b s t a n t i a l l y  
a11 of  t h e  back su r f ace .  Th is  i s  p a r t i c u l a r l y  e v i d e n t  i n  t h e  
open c i r c u i t  v o l t a g e  (z = 612 mW) which would be about  600 mV 
f o r  t h i s  m a t e r i a l  i n  t h e  absence of a back f i e l d .  There i s  no 
ev idence  of a badly  degraded curve  shape;  however, f u r t h e r  d e t a i l e d  
comparison a g a i n s t  a c o n t r o l  s t anda rd  i s  r e q u i r e d  t o  be s u r e  t h a t  
t h e  curve  shape i s  complete ly  unaf fec ted .  
3 . 8  PRINTED ALUMINUM P+ BACK 
3 .8 .1  Recommendations 
The i n c l u s i o n  of  a  p r i n t e d  aluminum P+ back c o n t a c t  i n  t h e  pro- 
cess sequence  i s  recommended. I n i t i a l  d i E f i c u l t i e s  w i t h  low 
s h u n t  r e s i s t a n c e  have been overcome by improving p r o c e s s i n g  pro- 
cedures .  These p rocedure  changes i n c l u d e d  n o t  removing t h e  
d i f f u s i o n  ox ide  p r i o r  t o  t h e  aluminum back c o n t a c t ,  and e x e r c i s -  
i n g  g r e a t e r  cautj.on t o  e l i m i n a t e  s o u r c e s  o f  con tamina t ion  (e .g .  
tools ,  f i x t u r e s ,  e tc .  ) . The aluminum f i r i n g  c y c l e  was shown t o  
be cornpatable f o r  u s e  w i t h  p r i n t e d  f r o n t  c o n t a c t s .  Warpage o f  
t h e  c e l l  due t o  d i f f e r e n c e s  i n  t h e r m a l  expans ion o f  s i l i c o n  and 
aluminum h a s  been reduced by a l l o w i n g  streets o f  b a r e  s i l i c o n  
between b l o c k s  o f  aluminum. I R  f u r n a c e  d r y i n g  and f i r l n g  p r i n t e d  
aluminum back c o n t a c t s  i s  recommended due t o  t h e  c o s t  e f f e c t i v e -  
n e s s  and h i g h  th roughpu t  r a t e  o f  t h i s  t e c h n i q u e .  
The obse rved  c h a r a c t e r i s t i c s  a r e  s u b s t a n t i a l l y  t h o s e  one would 
e x p e c t  o f  a  normal P+ back f i e l d  c e l l  on t h i s  t y p e  o f  m a t e r i a l ,  
i r d i c a t i n g  t h a t  t h e  j u n c t i o n  was e l i m i n a t e d  o v e r  s u b s t a n t i a l l y  
a l l  of t h e  back s u r f a c e .  T h i s  i s  p a r t i c u l a r l y  e v i d e n t  i n  t h e  
open c i r c u i t  v o l t a g e  (? = 612 mW) which would be  abou t  6 0 0  mV 
f o r  t h i s  ma t , ? r i a l  i n  t h e  abs+.mce o f  a back f i e l d .  There i s  no 
ev idence  o f  a  b a d l y  degraded curve  shape;  however, f u r t h e r  
d e t a i l e d  comparison a g a i n s t  a  c o n t r o l  s t a n d a r d  i s  r e q u i r e d  t o  
be s u r e  t h a t  t h e  curve  shape  i s  comple te ly  u n a f f e c t e d .  
3.8.2 Work Performed -
Exper ience  has  shown t h a t  t h e  b e s t  P+ back s u r f a c e  f i e l d  e f f e c t s  
a r e  o b t a i n e d  w i t h  aluminum p a s t e s  when f i r e d  a t  r a t h e r  h igh  
t e m p e r a t u r e s  f o r  s h o r t  t i m e  p e r i o d s  w i t h  s t e e p  h e a t i n g  and c o o l i n g  
Lt?mpc.rixt urt)  ramps.  Thcsc  rp r lu i l -~ \mc>n t~  c a n  bt> undtll:slo( : by c-on- 
s i , d l l r i nq  t h c  a luminum-s j . l , i c~n  plrase ciiagz-am (Ficytlrc? 3. 8-A) . 
What: i t :  d c s i r c d  is  t o  ~ b t a i n  n u n i f o r m  lay( - r  of: l ~ t l i i v i l y  alumillurn 
doped s i l i c o n  on t h e  back s u r f a c t ?  of t-he wnfc>r. 
Whc\n tllr p r i n l c d  wafcr i s  llunt?cd t o  t11n t:cmycrol u r r  I 750' - 
900~t', t he  aluminum mclts and  car, dissolve. s i l  i c o n  t t l  t 1 1 t b  t \ s t i \n t  
of  ciboui. 22. to 3 4  c~tomic p t ~ r c c n t ,  17y~on aubsis lut \nt  c i > o l i n ~ ~ ,  
silic.011 w i  L l  s o l i d i f y  and be 11i~avJ.ly dopcd ( sa l .u rL~t t l t3 )  w i t  11 
aluminum. A s  t i l e \  sys t tqn  cools t h e  s i l i c s n  c o n t t \ n t  of tllcl mt\lt, 
dc?c rQns t s~  u11tt.i 1 th t l  t i u t t \ r t i c  cornpc2s it i o n  ant1 . t - c ~ m ~ w r l ~ t  uw i s  
rcncllt\cl, where\  in . int im'it cl m i s t  ul-t' of aluminum ;ir~d :; i 1 ir-on ~~l l i l~c 'ki  
fo rms  . 
Wi.t.11 r;lljiti l ~ c \ ~ l  t i nq , ol l i  y t h e  Lilumi,nun~ ad,j ncclnt t:c> t hc\ in.t t1r,.fc~t:t\ 
w i l l  L>t\ sLitur:ntt\d. llll~cuct w i l l  br3 LI cyomposi t iun yr~ ' l~2 ic~nt -  i n t o  t.hi\ 
aluminum w i  t.11 tl.11. si  1 i clon ccanct~ntri\t.,iolzt-ixt,,ii d o c r i l a s i n q  w i  t.11 i nt-rtlas- 
i n g  dist .nnoi\  from t h P  i.n.t'orf zctl. Tllus, upon c o c > l i n ~ ~ ,  .t-htl nat.ul:nl 
tendunc\r  of t lit. s i  l i c o n  t o  dc>posi t: c\pi.taxi a1 l y  on t llc3 r ~ \ ~ i A i  ly 
Livailiibltx s o l i t 9  :;ilic-on s u r f a c e  at % h c  intt :rfnct .  ratht.1- t-lliln tilt- 
formilt i 0 1 1  of ni>w s i l i c o n  n u c l e i  wi1.l ba rein Forccd .  Thc) t-oncyi>n- 
. t ra t i  c>n qund icn t  w i . l l ,  a l s o  rnirlimize t h c  formr i t ion  c>f 1 i (11.1 i ti .I L - y c r  
i n s t L t b i l i t a y  due> t o  d t l p l t > t i o n  o f  t1lt-l s i , l i cox l  i11 thcl l i q u i d  as t,llc? 
i n t  c.1: Eacc nc'tvanct.?~ t\r i t h  f n l l L n g  t cmy~?rn turc \ .  
The. r n y ) i d  l l t ~ L x t i n t ~  wi 1 1  a l s o  tclnd t a  r t s s u l t  i n  n k;rnr~i>t 11c.1- intux'- 
fac t> .  'I'llc ( L 1 1 )  surf aces of s i l l  i r o n  ; ire tht3rmodynnmisn.I1y favorc:d 
i n  cant  <xct, w.it.11 molttsn aluminum. By l ~ i ' i ~ t  i n q  i*ny)idl y , trl~c\ aluminum 
ad:jact\nt. t o  th t t  i n t c r f a c t s  i s  malint-aincd i n  a s u p t \ r l ~ t ~ n l c d  (undi>r- 
s a t u r n t t ~ t i )  cond i  t i o n  wllich r ~ s ~ l l t s  i n  k i n c t  ic ef ft\c*ts domin,~.k i ny 
ta px-oducc a r t ' l n t  i v c l  y smoot h a r  s u r f  act? on th t l  (100) a r i t ~ n t c d  w a f e r  
s u r f a c e .  T h i s  cf ftlct w i l l  a l so  minimiztx l oca l  c.xoo::s llc\not r a t  i o n  
o f  tht' mo1tt.n aluminum, and s u b s r q u e i ~ t l y  formcd P' layer., at: 
lo tva l i  xtld inhomogc.nc~it it% or i rnpc r f cc t  i o n  i n  t h e  S i 1 i,c:an c*l-ystnl . 
F i g u r e  3 .8 -A  
S I TI X C'ON-AI~IlM.ZNUM I'l1ASE LI IAr;HAM ( 3)  
When p r i n t e d  aluminum p a s t e  i s  f i r e d  i n  a non-oxidizing atmos- 
phere such a s  n i t r o g e n ,  s a t i s f a c t o r y  r e s u l t s  a r e  no t  ob ta ined  
s i n c e  t h e  mel t  which forms tends  t o  puddle up i n t o  l e n t i c u l a r  
clumps r e s u l t i n g  i n  nonuniform a l loy ing .  When f i r e d  i n  an 
o x i d i z i n g  atmosphere, t h e  outermost  p a r t i c l e s  ox id i ze  and s i n t e r  
t oge the r  t o  form a c r u s t  which prevents  t h e  puddling a c t i o n  o f  
t h e  under ly ing  molten l a y e r .  Th?'?, . : : n t e r ed  c r u s t  must be sub- 
sequent ly  removed i n  o r d e r  t o  ma)<:. : l e c t r i c a l  c o n t a c t .  
An i n i t i a l  series of  c e l l  f a b r i c a t i o n  experiments were c a r r i e d  
o u t  i n  o r d e r  t o  demonstrate t h e  e f f e c t i v e n e s s  of  an A 1  back 
c o n t a c t  m e t a l l i z a t i o n ,  both a s  a P+ back s u r f a c e  f i e l d  and a s  a 
means o f  removing t h e  d i f f u s e d  N' l a y e r .  These experiments a r e  
summarized i n  Table 3.8-1. I n  a l l  c a se s  c e l l s  were f a b r i c a t e d  
on 2 inch  diameter  1 0  ohm-cm P-type round wafers .  Sur faces  were 
prepared by a damage removal e t c h  i n  ho t  30% sodium hydroxide 
wi th  no tex-kurizing.  Junc t ions  were formed a t  a  depth  of  0 .3  ym 
by phosphine d i f f u s i o n .  Front  c o n t a c t s  were evaporated wi th  
Ti-Pd-Ag a f t e r  removal of t h e  d i f f u s i o n  oxide by 1 0  second immer- 
s ion  i n  5% HF. Back c o n t a c t  p repa ra t ion  was v a r i e d  a s  i n d i c a t e d  
i n  Table 3.8-1. Alumirlum p a s t e  back c o n t a c t s  were p r i n t e d  us ing  
an Aramco Products ,  Inc.  Madel 3130 P r i n t e r .  Screens were 200 
mesh s t a i n l e s s  s t e e l  wi th  a 1 m i l  emulsion, which gave a p a s t e  
l a y e r  approximately 0 . 7  m i l  t h i c k  a f t e r  drying.  The p r i n t e d  p a s t e  
was d r i e d  f o r  25 minutes a t  2 0 0 ~ ~  i n  a i r .  
No AR coa t ing  was appl ied .  A f t e r  c e l l  p rocess ing  was completed 
2 x 2 cm c e l l s  were sawn from t h e  round d i s k s  i n  o r d e r  t o  p rov ide  
junc t ion  cleanup.  
The f i r s t  experiment demonstrates t h e  problem o f  producing a c e l l  
+ 
without  removing t h e  d i f f u s e d  N l a y e r .  When t h e  N+ l a y e r  i s  
removed by back e t ch ing ,  t h e  back con tac t  i s  a b l e  t o  make ohmic 
T a b l e  3 . 8 - 1  1 
FORMATION OF P+ BACK CONTACT THROUGH DIFFUSED LAYERS 
B a c k  B a c k  F i r i n g  Eoc ISC '400 
Exp . E t c h  C o n t a c t  C o n d i t i b n  mv mA mA 
1. no Evap . n o n e  no r e s p o n s e  
Evap. none 5 4 2  8 9  8 8  2 .  Yes 5 3 8  8 8  8 7  
Yes P a s t e  AR 1 0  sec. 6 0 0  94  8 3  
900°c  5 9 7  96  96  
5 9 6  9 8  96  
n o  P a s t e  AR 1 0  sec 604  97  9 5  4.  
900°c  604  96  9 5  
6 0 1  9 6  9 5  
6 0 0  97  96  
6 0 3  9 5  9 5  
5 9 6  96  9 5  
6 0 5  96  9 5  
6 0 2  97  96  
6 0 1  96  9 5  
6 0 5  95  94 
602  9 7  96  
6 0 0  96  9 6  
604  9 6  9 5  
6 0 4  9 6  9 5  
- 
X 602  9 6 . 1  95 .2  
a 2 . 4 0  0 . 6 3  0 . 5 5 8  
Table 3 .8 -1  (conk ' d) 
Forma t ion  of P' Back C o n t a c t  Through 
D i f f u s e d  Layers 
Back Back Firing ISC '400 
Exy. E t c h  C ~ n t a c t  condition mv m A m A 
5. no P a s t e  AR 1 5  see 589 9 5  9% 
8 0 0 ~ ~  584 94 93 
588 95 93 
573. 9 4  90 
563 92 89 
592 96  95 
5  63 92 8 43 
580 43 93. 
c o n t a c t .  I n  e x p e r i m e n t  2 ,  t h e  c e l l s  had a  V, and Isc c h a r a c -  
t t_rist ic  o f  10 ohm-cm m a t e r i a l  w i t h o u t  o back f i e l d .  On f i r i n q  
an A 1  back  c o n t a c t  t o  p roduce  a  P' Layer  ( e x g c r i m c n t  3 ) ,  t h o  V 
i n c r e a s e d  108 and t h e  Isc i n c r e a s e d  5%. The a b i l i t y  o f  t h e  P cot 
l a y e r  t o  rcmovc t h ~  N' l a y e r  d u r i n g  f i r i n g  i s  d e m o n s t r a t e d  i n  
e x p e r i m e n t  4 .  Comparison o f  t h e  d a t a  f o r  t h i s  c x y e r i m c n t  w i t h  
t l l c  pr t?ccdlng  o n e  s u g g e s t s  t h a t  t h e  back e t c h  p r o c e s s  used  i n  
e x p e r i m e n t  3 somehow c o n t r i b u t e d  t o  d e g r a d a t i o n  of  t h e  c e l l ,  
p o s s i b l y  by damage t o  the. f r o n t  s u r f a c e .  Experiment 5 i n  which 
t h e  aluminum back was f i r e d  a t  a lower  t e m p e r a t u r e ,  i n d i c a t e s  
t h c  s c n s i t i v i t y  o f  t h e  p r o c e s s  t o  t h e  f i r i n g  c y c l c .  
Tllc f i r i n y  c y c l c  r e q u i r e m e n t s  a r c  b e l i e v e d  t o  b e  dctcrmi11c.d by 
t h e  n e e d  f o r  s u f f i c i e n t  time t o  a l l o w  t h e  d i s s o l u t i o n  o f  s i l i c o n  
i n t o  t h e  mol t en  aluminum w h i l e  a v o i d i n g  c x c c s s i v c  o x i d a t i o n  o f  
t h e  mol t en  a luminum-s i l i con  a l l o y .  I n  t h e  e x p e r i m e n t a l  work 
per formed t h u s  f a r ,  w e  have  d e v e l o p e d  a  p r o c e s s  u s i n g  t u b e  f u r -  
n a c e s .  A  s m a l l  number (1-5)  o f  t w c  in611 w a f e r s  arc p l a c e d  
h o r i z o n t a l l y  on a  Xigilt q u a r t z  r a i l  b o a t .  T h i s  i s  moved r a p i d l y  
i n t o  t h e  k c a t e d  zone o f  t h e  t u b e  f u r n a c e ,  a l l o w c d  t.o remain  f o r  
t h o  s p e c i f i e d  t i m e  and t h e n  r a p i d l y  p u l l e d  i n t o  t h c  c o o l  p o r t i o n  
o f  t h e  f u r n a c e  t u b e .  T h i s  p r o c e d u r e  was u s e d  t o  d e f i n e  a  
r e a s o n a b l y  r e p r o d u c i b l e  f i r i n g  c y c l e  and t o  a t t a i n  t h e  r e q u i r e d  
s h o r t  f i r i n g  c y c l e .  No a t t e m p t  was made t o  d e f i n e  t h e  e x a c t  
t i m e - t e m p e r a t u r e  p r o f i l e  s e e n  by t h e  wafers. 
The v a r i o u s  f a c t o r s  i n v o l v e d  a r e  i l l u s t r a t e d  by t h e  r e s u l t s  o f  a 
t i m e - t e m p e r a t u r e  m a t r i x  expe r imen t  f o r  Alcoa  1 4 0 1  p a s t e  on 2.12 
i n c h  round ce l l s .  P r e v i o u s  e x p e r i m e n t a l  work u t i l i z e d  E n g l e h a r d  
3 4 8 4 A  aluminum p a s t e .  However, c o n s i d e r a b l e  d i f f i c u l t i e s  were 
e n c o u n t e r e d  i n  c l e a n i n g  t h e  s i n t e r e d  l a y e r  on t h e  Eng lcha rd  p a s t e  
and it was s u b s e q u e n t l y  d i s p l a c e d  by a f o r m u l a t i o n  p r e p a r e d  by 
mix ing  Aleoa #1401 aluminum powder wit11 a  v e h i c l e  d e s i g n a t e d  a s  
V-13 ( T a b l e  3 .8-2) .  
Table  3.8-2 
COMPOSITION AND PREPARATION 
OF V-13 VEHICLE 
1 P a r t s  by Weight I 
a Terp ino l  4 6  4 5  1./1 r a t i o  Butyl  C a r b i t o l  Ace ta te  46 t o  45 T o t a l  = 1 0 0  p a r t s  
E thy l  Ce l lu lose  ( N - 1 4 )  8  t o  10 by weight 
T i x a t r o l  ST 1.5 
Procedure 
a )  To t h e  mixture  of  a t e r p i n o l  and b u t y l  c a r b i t o l  a c e t a t e  a t  
7 0 ' ~  add eehyl  c e l l u l o s e .  S t i r  c o n s t a n t l y  u n t i l  d i s so lved .  
b )  Cool t o  room temperature  
c )  Disperse  T h i x a t r o l  ST i n  above mixture  us ing  a Waring b lender .  
Do no t  a l low temperature  of mix dur ing  blending t o  exceed SOOC. 
d )  Age f o r  1 6  hours  a t  room temperature  b e f a r e  use. 
Sources f o r  t h e  above m a t e r i a l s  a r e  as fol lows:  
MC/B Manufacturing Chemists 
2121 South Leo S t r e e t  
Los Angeles, CA 
E thy l  Ce l lu lose  ( N - 1 4 )  Hercules ,  Incorpora ted  
500 South La faye t t e  P l ace  
Los Angeles, CA 
NL I n d u s t r i e s ,  Incorpora ted  
I n d u s t r i a l  Chemical Div is ion  
Hightstown, N J  08520 
The cel ls  u t i l i z e d  i n  t h e  t ime- tempera tu re  m a t r i x  exper iment  f o r  
Alcoa 1401 p a s t o  wore f a b r i c a t e d  by t h e  f o l l o w i n g  p r o c e s s  
sequecce  : 
Texture  c t c h  w a f e r s  
Phosphine d i f f u s e  t o  30 ohms s q u a r e  
Back e t c h  w i t h  100% H F  
P r i n t ,  d r y  arid f i r e  aluminum p a s t e  
1 0 %  HF f o r  2 minutes  
Sand edge o f  wafe r  
Remove s i n t e r e d  (unmel ted)  aluminum 
Clean w a f e r s  i n  a c e t i c  a c i d  and s o l v e n t s  
P r i n t ,  d r y  and f i r e  s i l v e r  f r o n t  p a s t e  
T e s t  cel ls  
The s i x t h  s t e p  o f  s a n d i n g  t h e  edge i s  a v e r y  u n r e l i a b l e  p r o c e s s .  
I f  t h e  edges  a r e  n o t  sanded enough, s h u n t i n g  around t h e  edge w i l l  
p e r s i s t ,  and  i f  edges  a r e  sanded t o o  much, wafer  damage w i l l  
o c c u r ,  and w i l l  appear  i n  t h e  form o f  s h u n t i n g .  A s  one sands  t h e  
edge o f  t h e  w a f e r ,  t h e  Vocr  Isc and I a t  l o a d  w i l l  i n c r e a s e  t o  a 
maximum and t h e n  d e c r e a s e .  The r e s u l t s  o f  t h i s  exper iment  a r e  
g iven  i n  Tab le  3 . 8 - 3 .  
A l l  o f  t h e  c e l l s  t h a t  were f i r e d  a t  ~ O O ~ C ,  e x c e p t  f o r  t h e  ce l l s  
f i r e d  f o r  10 seconds ,  had puddles  of  t h i c k  aluminum on t h e  back ,  
and t h e  s i n t e r e d  (unmel ted)  aluminum was d i f f i c u l t  t o  remove. 
0 The cel ls  f i r e d  a t  850 C had a good uniform l a y e r  o f  me l t ed  
aluminum on t h e  back.  C e l l s  f i r e d  a t  7 5 0 ~ ~  and 8 0 0 ~ ~  tended  t o  
w e t  t h e  s i l i c o n  e r r a t i c a l l y .  The ce l l s  e x h i b i t e d  h i g h  series 
r e s i s t a n c e  which p r e v e n t e d  measurement o f  l o a d  p o i n t  c u r r e n t .  
These c e l l s  f a i l e d  t o  deve lop  t h e  open c i r c u i t  v o l t a g e  c h a r a c t e r -  
+ i s t i c  o f  a good P Layer.  
T a b l e  3 . 8 - 3  
Resu1t . s  of t i m e - t c : m p c r n t u r e  f ' i . r i n g  cycle matrix f o r  
a l u m i n u m  paste made w i t h  70% Alcoa 1401 a l u m i n u m  
p o w d u r w i t h  30% V-13 v e h i c l e ,  2 . 1 2  j n c h  r o u n d  c e l l s  
w i t h  n o  AR c o a t i n g .  Tungsten M1I l i g h t  s o u r c e .  
Table 3.8-3 (Conk1 d) 
* -.. .- w. * -  
Firing 
Time 75o0c 800'~ 
* Data are averages of 2 cells except where indicated 
otherwise. Complete data are given in Appendix A. 
Among t h e  cel ls  w i t h  a uni form m e l t e d  aluminum l a y e r  a f t e r  
removal o f  t h e  s i n t e r e d  aluminum, t h o s e  f i r e d  a t  8 5 0 ' ~  f o r  20 
seconds  d i s p l a y e d  t h e  h i g h e s t  e f f i c i e n c y .  
A more l i m i t e d  t ime- tempera tu re  m a t r i x  experiment; was c a r r i e d  
o u t  w i t h  p a s t e  made from AMPAL aluminum powder. The Alcoa 
powder w a s  r e p l a c e d  by AMPAL #631 aluminum powder (Atomized 
Metal Powder, I n c . )  when it was d i s c o v e r e d  t h a t  Alcoa #1401 i s  
no l o n g e r  a v a i l a b l e .  I n  b o t h  c a s e s  t h e  m i x t u r e  was a 70 w t .  
p e r c e n t  aluminum powder and 30 w t .  p e r c e n t  V-13 v e h i c l e .  A 
second m a t r i x  exper iment  was performed t o  v e r i f y  t h e  r e s u l t s  
and t o  narrow down t h e  optimum t i m e .  For t h e s e  exper iments  
t h e  p r o c e s s i n g  sequence  was modi f i ed  t o  p r o v i d e  j u n c t i o n  c l e a n i n g  
by saw s c r i b i n g  and b r e a k i n g :  
Tex tu re  e t c h  
Phosphine d i f f u s e  wafers 
H F  back o f  w a f e r s  
P r i n t ,  d r y  and f i r e  aluminum p a s t e  
(AMPAL 6 3 1  aluminum p a s t e )  
H F  w a f e r s  
Remove u n c o n s o l i d a t e d  aluminum powder and c l e a n  
w a f e r s  
P r i n t ,  d r y  and f i r e  f r o n t  s i l v e r  p a s t e  
n i c e  1 . 4 "  s q u a r e s  
T e s t  ce l l s  
The r e s u l t s  o f  t h i s  exper iment  a r e  r e p o r t e d  i n  Tab le  3.8-4. 
A s  a  r e s u l t  o f  t h e  e x p e r i m e n t a l  work performed t o  o p t i m i z e  t h e  
f i r i n g  c y c l e  f o r  t h e  aluminum p a s t e ,  it was determined t h a t  t h e  
f i r i n g  c y c l e  s h o u l d  be :  
Time-temperature matrix for 1.4 inch square cells 
made with 70% Ampnl #631. aluminum powder in 30% 
V-13 vehicle. Data reported are average of 5 cells. 
No AR coating on cells. 
1 Elatrix I I Matrix I1 






























T a b l e  3.84.4 (Csnt ' d) 
F i r i n g  
T i m e  
5 0  Sec. 
2 0  Sec. 
3 0  S e c .  
4 0  S e c .  
5 0  S e c .  
2 4 . 4 2  1 -- 2 4 . 7 9  
1 2 . 7  




1 2 . 7  
-- 
1 2 . 2  
-- 
1 2 , 2  




1 3 . 1  
1 3 . 2  
1 2 . 4  
- 
.- 
1) 10 seconds  a t  9 0 0 ~ ~  f o r  Englehard  P a s t e  
2 )  20 seconds  a t  8 5 0 ' ~  f o r  Alcoa # 1 4 0 1  
3) 40 seconds  a t  825Oc f o r  AMPAL powder 
The optimum f i r i n g  t i m e  and t e m p e r a t u r e  was t h u s  found t o  b e  
dependent  upon t h e  t y p e  o f  aluminum powder u t i l i z e d  i n  t h e  p a s t e .  
The d i r e c t i o r  o f  subsequent  e x p e r i m e n t a l  work was t o  i n t e g r a t e  
t h e  p r i n t e d  aluminum P+ back c o n t a c t  p r o c e s s  i n t o  t h e  p r o c e s s i n g  
sequence shown i n  Tab le  3.8-5, u s i n g  n o n - t e x t u r i z e d  Wacker 
s q u a r e  cells.  P r e l i m i n a r y  a t t e m p t s  produced c e l l s  hav ing  ve ry  
i n f e r i o r  e l e c t r i c a l  performance c h a r a c t e r i s t i c s ~  Some o f  t h e s e  
e a r l y  r e s u l t s  were undoubtedly i n f l u e n c e d  by t h e  e r r a t i c  and 
i n a d e q u a t e  performance o f  N-250 d i f f u s i o n  s o u r c e  on non- tex tu red  
s u r f a c e s  and i n t e r a c t i o n s  between t h e  d i f f u s i o n ,  f r o n t  me.tal and 
aluminum back p r o c e s s e s  due t o  r e f r a c t o r y  s u r f a c e  f i l m s  formed 
d u r i n g  t h e  d i f f u s i o n  p r o c e s s .  
A second major  s o u r c e  o f  d i f f i c u l t y  h a s  been found t o  b e  t h a t  a 
l a r g e  change i n  t h e  optimum f i r i n g  c y c l e  f o r  t h e  p r i n t e d  aluminum 
back i s  r e q u i r e d  i n  s h i f t i n g  from a 2.12 i n c h  round wafer  t o  a 
2.12 i n c h  s q u a r e  wafer .  optimum f i r i n g  f o r  t h e  fo rmer  had been 
p r e v i o u s l y  de termined t o  b e  4 0  seconds  a t  82s0c w i t h  AMPAL 
aluminum powder. W e  have s u b s e q u e n t l y  de te rmined  t h a t  w i t h  o u r  
f u r n a c e  ar rangement ,  p a s t e  made w i t h  t h i s  aluminum powder h a s  a n  
optimum f i r i n g  c y c l e  on 2.12 i n c h  s q u a r e  w a f e r s  o f  abou t  80 
seconds  a t  850°C. 
I n  o r d e r  t o  minimize t h e  e f f e c t s  o f  o t h e r  p r o c e s s  s t e p s  ( d i f f u s i o n ,  
p r i n t e d  f r o n t  c o n t a c t s )  t h e  t ime- tempera tu re  m a t r i x  exper iment  was 
performed u s i n g  phosphine d i f f u s e d  w a f e r s ,  j u n c t i o n  c l e a n i n g  by 
s a w  c u t t i n g  2cm x 2cm w a f e r s  from t h e  aluminum f i r e d  2.12 i n c h  
s q u a r e  w a f e r s ,  and a p p l y i n g  e v a p o r a t e d  f r o n t  c o n t a c t s .  Two sets 
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CELL PARAMETERS FOR TIME-TEMPERATURE MATRIX FOR 
FIRING ALUMINUM BACKS ON 2.12" SQUARE CELLS. 
See text for description of cells and processing. 










Table 3.8-6 (Cont'd) 
Time 
20 sec. 
4 0  sec. 
60 sec. 
80 sec. 
Table 3.8-6 (conk ' d) 
Table 3.8-7 
EVALUATION OF 60 SECOND 8 5 0 ~ ~  ALUMINUM BACK FIRING CYCLE 
WITH PRINTED FRONT CONTACTS 
(Sample size = 7, no AR Coating) 
Ti 
sh 2 voc Isc '500 Back Etch Ohms/cm mV - rnA - mA 
Table 3.8-8 
CELL P A W T E R S  FOR CONTROL LOTS 
MADE WITH Ti-Pd-Ag EVAPORATED FRONT 
AND Cr-Pd-Ag EVAPQRATED BACK CONTACTS 
ON PHOSPHJNE DIFFUSED WAFER. 
(No AR Coating, Sample Size = 3) 
prov ide  a s  much p r o t e c t i o n  a s  p o s s i b l e ,  t h e  d i f f u s i o n  o x i d e  was 
n o t  removsd u n t i l  a f t e r  t h e  a1,uminum bock c o n t a c t  p r o c e s s .  Thc 
t h i n  o x i d e  which formed on t h e  back o f  t h e  c e l l  d i d  n o t  a f f e c t  
t h e  fo rmat ion  o f  t h e  back e o n t a c t .  
~ h c  P' back su r fac t?  f i e l d  p r o c e s s  w i t h  an  aluminum back c o n t a c t  
a s  d i s c u s s e d  above, was shown t o  be  a v i a b l e  technique. The 
v o l t a g o  was 610 t o  620  mV. Onc p o t e n t i a l l y  s e r i o u s  problem was 
i d e n t i f i e d  however. Thc aluminum produces  a s t r a i n  i n  the ce l l  
duo t o  t h e  t l ~ c r m a l  expans ion c o e f f i c i e n t  d i f f e r c n c c  bctwccn 
s i l i c o n  and aluminum. Tllc s t r a i n  c a u s e s  t h e  waEt.r t o  bow, whish 
may c r e a t e  probloms w i t h  a u t o m a t i c  h a n d l i n g  equipment.  A pro- 
posed s o l u t i o n  t o  t h i s  bowing problem is  t o  a l l o w  s t r e e t s  o f  
b a r e  s i l i c o n  betwccn b l o c k s  o f  aluminum, F i g u r e  3.8-B.  Two 
q u e s t i o n s  nPed t o  b e  answorcd concern ing  t h i s  y n t t e r n c d  aluminum 
back. F i r s t ,  how affective i s  t k c  p a t t e r n  i n  r educ ing  t h e  bowing. 
Second, docs  t h e  p a t t e r n  rcduco t h e  e f f e c t i v e n e s s  o f  t h e  back 
s u r f a c e  f i e l d .  
To measure t h e  e f f e c t  o f  bowing, 2.12 x 2.12 i n c h  w a f e r s  were 
t h i n n e d  by e t c h i n g  t o  5 m i l s  and p r i n t e d  w i t 1 1  b o t h  a normal f u l l  
back c o n t a c t  and t h e  new p a t t e r n e d  back c o n t a c t  ( r u n  4 .23 .9)  . 
Both s e t s  o f  w a f e r s  had a r a d i u s  o f  c u r v a t u r e  of  7.5 cm a f t e r  
f i r i n g .  The c y l i n d e r  d e f i n e d  by  t h e  c u r v a t u r e  was p a r a l l e l  t o  
t h e  s u p p o r t  r o d s  of t h e  s i n t e r i n g  b o a t ,  F i g u r e  3 . 8 - C .  A f t e r  t h e  
wafe r s  were d ipped i n  a d i l u t e  s o l u t i o n  o f  h y d r o f l u a r i c  a c i d  and 
t h e  unconsolidated aluminum was removed by b r u s h i n g ,  t h e  w a f e r s  
had a r a d i u s  of  c u r v a t u r e  of 16 .5  and 79.5 cm f o r  t h e  f u l l  back 
and p a t t e r n  back,  r c s p e c t i v e l y ,  i n d i c a t i n g  t h a t  t h e  p a t t e r n  i s  
indeed e f f e c t i v e  i n  r e d u c i n g  t h e  bowing e f f e c t s .  
The second exper iment ,  run  5 . 3 5 . 9 ,  was des igned  t o  de te rmine  t h e  
e f f e c t  o f  t h e  p a t t e r n  back on c c l l  e l e c t r i c a l  performance.  The 
Figure 3.8-B 
P a t t e r n  for Aluminum Back 
to Reduce Bowing E f f e c t s  
DIMENSIONS ARE I N  CENTIMETERS 
TOLERANCES : . XXX = 5 . 02  
Back Contact 
Pa t t e rn  P+ 
(Screen P r i  n t i  ng) 
PART NO. NM 516-P-070 
8ote:  Squares a re  areas o f  open screen 
0 .975  + , 0 2 0  Typ, 
- 
s i z e  o f  each 1 square - To ls  
non cur! 
+- 0.070 + 8.884 
Typ.  spac ing 
between squares 
F i q u r c  3 . 8 - C  
S i n t e r i n g  B o a t  
RELATIONSHIP OF CELL BENDING TO 
SINTERING BOAT CONFIGURATION 
w a f e r s  were i3xocessed i n  accordance  w i t h  t h e  b a s e l i n e  p r o c e s s  
excep t  t h e  w a f e r s  were l a s e r  s c r i b e d  p r i o r  t o  f r o n t  s i l v e r  meta l -  
l i z a t i o n  and no AR c o a t i n g  was a p p l i e d .  The open c i r c u i t  v o l t a g e  
was t h e  same f o r  b o t h  back c o n t a c t  p a t t e r n s ,  and t h c  c ? f f i c i e n c i c s  
were 9 . 0 %  (= 12.18 w i t h  AR c o a t i n g )  and 8.58 (= 11. .IL w i t h  AR 
c o a t i n g )  f o r  t h e  p a t t e r n  back and f u l l  back ,  respectively. Both 
o f  t h e s e  sets of ce l l s  had low o u t p u t  due t o  s h u n t i n c ~  problems. 
I n  o r d e r  t o  o b t a i n  a  l a r g e r  d a t a  b a s e  on t h e  p a t t e r n  back s u r f a c e  
f i e l d ,  t h r e e  s e p a r a t e  r u n s  werc p r o c e s s e d ,  5.43.9AI B ,  and C ,  by 
t h r e e  d i f f e r e n t  t e c h n i c i a n s .  These r u n s  werc y roccssed  t h e  same 
a s  t h o s e  o f  r u n  5 .35 .9 .  The c e l l  c h a r a c t e r i s t i c s  o f  a l l  t h r c e  
r u n s  were p r a c t i c a l l y  t h e  same, v e r y  similar t o  t h e  r e s u l t s  o f  
run  5.35.9,  Thc r e s u l t s  a r e  summarized i n  Table  3.8-9. 
I n  comparing t h e  s h u n t  r e s i s t a n c e  from run  5 .46 .9 ,  and a l l  o t h e r  
r u n s ,  it i s  e v i d e n t  t h a t  t h e  10 ohm-cm m a t e r i a l  from Wacker pro- 
duces cel ls  w i t h  s u p e r i o r  s h u n t  r e s i s t a n c e .  T h i s  may b e  due t o  
t h e  low i m p u r i t y  l e v e l  i n  t h i s  10 ohm-cm m a t e r i a l .  A l a r g e r  d a t a  
b a s e  must be  e s t a b l i s h e d  b e f o r e  an  a c c u r a t e  c o n c l u s i o n  can be  
drawn. 
Exper imenta l  work on p r i n t e d  aluminum P+ back c o n t a c t s  was con- 
c luded  w i t h  an i n v e s t i g a t i o n  o f  a  modi f i ed  f i r i n g  t e c h n i q u e .  
P r e l i m i n a r y  exper iments  c a r r i e d  o u t  on i n f r a r e d  b e l t  f u r n a c e  
equipment a t  Radiant  Technology C o r p o r a t i o n ,  ~ e r r i t o s ,  C a l i f o r n i a ,  
have i n d i c a t e d  t h a t  t h i s  t y p e  o f  equipment can b e  adap ted  t o  
a c h i e v e  t h e  r e q u i r e d  f i r i n g  c y c l e .  I R  f u r n a c e  d r y i n g  and f i r i n g  
i s  a h i g h  t h r o u g h p u t ,  c o s t  e f f e c t i v e  t e c h n i q u e  which may b e  
u t i l i z e d  t o  produce a r e l i a b l e  back s u r f a c e  f i e l d  and back 
c o n t a c t .  
T a b l e  3.8-9 
BACK SURFACE FIELD 
Average  Va lues  
Equ iv .  rl 
voc Isc I 5 0 0  Rsh  w i t h  AR 
Run # p+ Back S h e e t  r, ($?/a) (mV) (mA) (mA) (61) (%) ( 8 )  
5 .25 .9  P a t t e r n  32-36 604 650 525  6.4 9 .0  1 2 . 1  
5 .35 .9  F u l l  32-40 603 648 498 4.9 8 .6  1 1 . 5  
5 .35 .9  F u l l  28-40 604 6 5 1  487 5 .8  8 . 5  1 1 . 3  
S.43.9A P a t t e r n  33 .3  602 659 512 7 . 3  9 . 0  1 2 . 1  
5.43.9B P a t t e r n  33.6  602 669 505 6 .9  8 . 8  i 1 . 9  
5.43.9C P a t t e r n  32 ' 6  603 664 516 4 .7  9 . 1  1 2 . 2  
An i n f r a r e d  b e l t  f u r n a c e  was procured  and u t i l i z e d  t o  e v a l u a t e  
aluminum p a s t e  f i r i n g .  Two d i f f e r e n t  l o t s  o f  s i l i c o n  wore chosen 
f o r  t h i s  exper iment ,  0 . 1  t o  0 .5  il-cm T I  s i l i c o n  and 7 t o  10 sbcm 
Wacker s i l i c o n .  To s i m u l a t e  o u r  normal 80 second  t u b e  f i r i n g  o f  
o u r  back c o n t a c t ,  t h e  b e l t  speed was h e l d  c o n s t a n t  at 1 8  i n c h a s /  
min. and t h e  t e m p e r a t u r e  was v a r i e d  between 800 and 9 0 0 ' ~  i n  2 5 ' ~  
i n t e r v a l s .  These w a f e r s  were d r i e d  i n  an oven p r i o r  t o  f i r i n g .  
The optimum t e m p e r a t u r e  was between 825 and 8 5 0 ~ ~ ~  Table  3.8-10. 
I n  an a t t e m p t  t o  o b t a i n  a  b e t t e r  u n z e r s t a n d i n g  o f  the t ime- 
t e m p e r a t u r e  e f f e c t s ,  t h e  b e l t  speed  was increased t o  36 inches /  
min. (40 soc .  f i r i n g  cycle!  and t h e  t e m p e r a t u r e  was v a r i e d  bctwecn 
875 and 9 2 5 O ~  i n  2 5 ' ~  i n t e r v a l s .  The optimum t e m p e r a t u r e  was 
- 
8 7 5 " ~ ,  Table  3.8-11. Some of t h e  h i g h  t e m p e r a t u r e ,  l o n g  f i r i n g  
c y c l e s  caused bumps and una l loyed  a r e a s  t o  o c c u r  on t h e  aluminum. 
To de te rmine  whether  t h e s e  u n a l l o y e d  a r e a s  were caused by o r g a n i c s  
remaining i n  t h e  p a s t e ,  t h e  wafe r s  were s e n t  through a 4 0 0 ' ~  d r y i n g  
c y c l e  i n  zcne  1 and 2 p r i o r  t o  f i r i n g  a t  8 7 5 O ~  a t  a  b e l t  speed  o f  
1 8 ,  24 and 36 inches/min. No improvement o c c u r r e d  w i t h  t h i s  e x t r a  
d r y i n g  s t e p ,  Table  3.8-12. The bumps and una l loyed  a r e a s  a p p e a r  t o  
be  caused by f i r i n g  c y c l e s  t h a t  a r e  t o o  l o n g  and/or  t o o  h o t .  
To de te rmine  a s u i t a b l e  d r y i n g  c y c l e ,  wafe r s  p rocessed  i n  accor -  
dance  w i t h  t h e  p r o c e s s i n g  sequence  shown i n  F i g u r e  3.8-D were 
p r i n t e d  w i t h  aluminum p a s t e  and d r i e d  i n  t h e  I R  f u r n a c e  f o r  0 .75 ,  
1 . 0 ,  and 2.0 m i n u t e s ,  by v a r y i n g  t h e  b e l t  speed .  The wafe r s  were 
t h e n  removed and s e n t  th rough  t h e  I R  f i r i n g  zone. Tab le  3.8-13 
shows t h e  t a b u l a t e d  raw d a t a  and averages .  Good r e s u l t s  were 
o b t a i n e d  w i t h  bo th  a  one and two minute  ( b e l t  speed 18 and 9 
i n c h e s  p e r  minu te )  d r y i n g  c y c l e .  
An a t t e m p t  w a s  made t o  d r y  t h e  aluminum p a s t e  a t  tht. same b e l t  
speed  a s  t h e  f i r i n g  of  t h e  p a s t e .  The I R  d r y i n g  zone  o f  t h e  
0 f u r n a c e  was se t  a t  a  nominal 400 C. Wafers p r o c e s s ~ . d  i n  
k  k k k k  
a, a 
k  k  
4: X 
a a a  8)  a, 
U U % $ %  % Y U 
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T a b l e  3.8-12 
I R  FIRING OF ALUMINUM BACK SURFACE FIELD 
CONSTANT TEMPERATURE AND VARIABLE BELT SPEED 
NO AR COATING 2 . 1 2  x 2 . 1 2  INCH SQUARES 
Run 10.73.9 
D r i e d  i n  Oven for 20 min. @ 200'~ 
Zonc 1, Zonc 2, Zone 3, Zone 4: 260, 410, 875, 875O~ 
S i l i c o n  Belt Speed "oc Isc I530 Rsh 
( in ch/min . - (mV) -- (mA) - (mA) - ( Q )  Comments  
-*XYi?2- _ --_I_ 
T I  1 8  588 584 414 . 4.3 Bumps 
T I  594 577 472 8.1 Bumps 
Wackcr  597 705 606 49.0 Bumps 
TI 2 4 593 575 451 7.7 
TI 59 3 566 465 6.0 
Wacker  601 705 614 82.0 
Wacker  59 8 700 600 1 1 9 . 3  
T I  3 6 591 577 456 7.5. 
31 595 5 SO 455 4.6 
Wacker  600 693 588 12.5 
Wackcr  539 687 586 42.4 
F i g u r e  3.8-D 
PROCESS' SEQUENCE 
S P I N - O N  DIF. SOURCE 
f 
P R I N T  & F I R E  A 1  
----T- 
CLEAN A 1  BACK 





N D C L E A  1 
I 
FRONT COdTACT 
P R I N T  & F I R E  Ag 
SPRAY & BAKE 
- - -  .----- .d.--- f BOND C E L L S  
TEST MODULE 
121 
T a b l e  3.8-13 
I R  DRY OF ALUMINUP! P-k B A C K  
T e m p e r a t u r e  = 310'~ 
( N o  A R  C o a t i n g )  
accordancta w i t h  t h e  p r o c e s s i n g  sequence  shown i n  F i g u r e  3.8-D 
were d r i t  f o r  4 . 0 ,  2 .0 ,  1 . 5 ,  and 1 . 0  m i n u t e s ,  by v a r y i n g  t h e  
b e l t  speed .  C o n t r o l  w a f e r s  were d r i e d  i n  an oven f o r  15 
minu tes  a t  200 '~ .  A f t e r  d r y i n g ,  t h e  w a f e r s  were removed from 
t h e  b e l t  and t h e n  s e n t  t h r o u g h  t h e  I R  f i r i n g  zone. Table 
3.8-14 l i s ts  t h e  a v e r a g e  r e s u l t s  o f  t h i s  e v a l u a t i o n .  Tho 
aluminum p a s t e  o f  t h e  f i r s t  g roup  ( 4 . 0  minu te  d r y i n g )  p c c l c d  
i n  some cases and r e s u l t e d  An poor  power o u t p u t .  T h e  o t l l c r  
t h r e e  g roups  showed comparable  r e s u l t s  t o  t h a t  of t h e  con t ro l  
group.  Prom t h i s  d a t a  it i s  e v i d e n t  t h a t  t h ~  ahminum P' pas te  
can  be s e q u e n t i a l l y  d r i e d  and f i r e d  i n  an I R  f u r n a c e .  
T a b l e  3 . 8 - 1 4  
A v e r a g e  
A v e r a g e  
A v e r a g e  
A v e r a g e  
3 
A v e r a g e  
I R  D R I E D  ALUMINUM P A S T E  WAFERS 
D r y i n g  D r y i n g  
T i m e  T e m p  voc Isc '500 %h 
# of C e l l s  ( m i n )  OC ( m v )  (mA) (n) 
--- 
CONTROL O W N  D R I E D  WAFERS 
3.9 CLEANING PRIOR TO FRONT METALLIZATION 
3.9.1 Recommendations 
c l e a n i n g  wafer s u r f a c e s  p r i o r  t o  f r o n t  m e t a l l i z a t i o n  wi th  H C 1  
and/or HF t r ea tmen t  i s  recommended t o  remove excess  aluminum p a r t i -  
c l e s  a s  w e l l  a s  t h e  oxide on t h e  f r o n t  s u r f a c e .  This  chemical 
c l ean ing  process  was found t o  be b e n e f i c i a l  t o  c e l l  performance. 
3.9.2 Work Performed 
Major shunt  r e s i s t a n c e  problems have plagued S p e c t r o l a b ' s  c e l l  
f a b r i c a t i o n  f o r  some t i m e .  The problem has  been t r a c e d  t o  t h e  
f r o n t  s u r f a c e  contamination m e t a l l i z a t i o n  and/or a p p l i c a t i o n .  
Su r f ace  condi t ion  p r i o r  t o  f r o n t  m e t a l l i z a t i o n  appears  t o  be 
an important  f a c t o r  i n  c e l l  performance. I t  was observed t h a t  
processed wafers which have had a  long pe r iod  o f  s t o r a g e  p r i o r  
t o  f r o n t  m e t a l l i z a t i o n  have lower shunt  r e s i s t a n c e .  This  observa- 
t i o n  l e d  t o  an experiment i n  which wafers  were prepared  i n  accord- 
ance wi th  ou r  b a s e l i n e  process  w i t h  t h e  except ion  t h a t  t h e  j unc t ion  
was chemically c leaned.  These wafers w e r e  e tched  i n  a  1 0 %  s o l u t i o n  
o f  hyd ro f luo r i c  a c i d  f o r  30 seconds immediately p r i o r  t o  f r o n t  
m e t a l l i z a t i o n ,  and they were no t  AR coated (Run 6 .47 .9 ) .  The 
shunt  r e s i s t a n c e  w a s  3  t i m e s  a s  h igh  and t h e  e f f i c i e n c y  was 9.6% 
( = 1 2 . 8 %  wi th  AR c o a t i n g ) ,  1 .3% h i g h e r  t han  t h e  wafers  n o t  t r e a t e d  
 wit?^ HF. These r e s u l t s  i n d i c a t e  t h a t  an HF s u r f a c e  t rea tment  
p r i o r  t o  f r o n t  m e t a l l i z a t i o n  i s  b e n e f i c i a l .  The HF s u r f a c e  
t r ea tmen t  i s  probably removing excess  aluminum p a r t i c l e s  a s  w e l l  
a s  t h e  oxide on t h e  f r o n t  su r f ace .  I f  t h i s  t r ea tmen t  i s  removing 
excess  aluminum p a r t i c l e s ,  HC1 w i l l  work j u s t  a s  we l l .  
I n  run 6.59.9 t h e  s u r f a c e  was t r e a t e d  wi th  HF and/or H C 1  f o r  a 
t o t a l  t i m e  of  30, 60 and 120 seconds,  Table  3.9-1. The most con- 
s i s t e n t  r e s u l t s  w e r e  from t h e  group which had an H C 1  and HF 
t r ea tmen t .  'ilhe group t r e a t z d  wi th  HF gave f avo rab le  r e s u l t s  a l s o .  
These resu l t ! j  suppor t  t h e  hypothes i s  t h a t  aluminum p a r t i c l e s  
remain on t h e  f r o n t  s u r f a c e  a f t e r  t h e  back c l ean ing  s t e p .  They 
should be removcd with H C 1  and/or IIF. 
The o r i g i n a l  s u r f a c e  c l ean ing  s t e p  p r i o r  t o  f r o n t  m e t a l l i z a t i o n ,  
o u t l i n e d  i n  Table  3.9-2,  was in tended  t o  remove any Alp3 and 
A1C13 m a t e r i a l  remaining a f t e r  t h e  HC1  and/or HF s u r f a c e  t r e a t -  
ment. I n  run  6.52.9 wafers  were cleaned t o  va r ious  s t a g e s  of  
t h i s  c l ean ing  s t e p  i n  an a t tempt  t o  determine t h e  b e n e f i c i a l  and 
de t r imen ta l  s t a g e s  and a l s o  t o  reduce t h e  number o f  s t a g e s .  The 
average va lues  f o r  V o c t  'sc' 'load (500 mV) and shunt  r e s i s t a n c e  
a r e  t a b u l a t e d  i n  Table  3.9-3. 
The a c e t i c  a c i d  and ace tone  were b e n e f i c i a l  t o  c e l l  performance. 
The f i r s t  ho t  D . I .  water  r i n s e  appears  de t r imen ta l .  The a l coho l  
and second ho t  D . I .  wa te r  soak may no t  be necessary.  
The c l ean ing  procedure used i n  o u r  p rocess  inc luded  both t h e  H C l  
and HF d i p  and a l l  seven c l ean ing  s t e p s .   his c l ean ing  procedure  
was not  opt imized under t h i s  con t r ac t , and  no e f f o r t  was undertaken 
t o  reduce t h e  number of  s e t s  i n  t h e  process .  
T a b l e  3.9-1 
Run 6 .49 .9  
Ac id  T r e a t m e n t  A f t e r  Aluminum B r u s h i n g  
and  B e f o r e  P r i n t i n g  F r o n t  C o n t a c t  
T r e a t m e n t  
H C l  60 S e c .  602 6 2 1  510 
HC1 120  S e c .  606 655 580 
HF 30 S e c .  604 639 551  
II F 60 S e c .  603 626 535 
H C 1  1 5  S e c .  
HF 1 5  S e c .  606 650 582 
H C 1  3 0 S e c .  
HF 30 S e c .  604 642 564 
IICl 60 S e c .  
H F  60 S e c .  606 6 6 1  590 
T a b l e  3.9-2 
CLEANING STEP 
Clean ing  Treatment  P r i o r  t o  P r i n t i n g  F r o n t  Metal  
I n f  l u e n c e  
on C e l l  
Performance 
B e n e f i c i a l  1) 50% ~ c e t i c  ~ c i d ,  1 minute  (RT)  
D e t r i m e n t a l  2)  R inse  i n  h o t  D . I .  w a t e r ,  30 sec. (75-90%)  
B e n e f i c i a l  3 )  R inse  i n  a c e t o n e ,  30 sec. (RT) 
B e n e f i c i a l  4 )  Soak i n  a c e t o n e ,  2 min. (RT) 
Unknown 5)  Soak i n  a l c o h o l ,  2 min. (RT) 
Unknown 6 )  Soak i n  h o t  D . I .  w a t e r ,  2 min (75-90°c) 
7)  R inse  i n  c o l d  D . I .  w a t e r  and s p i n  dry 
T a b l e  3.9-3 
PERFORMANCE OF CELLS WITH VARIOUS CLEANING 
TREATMENT PRIOR TO PRINTING FRONT METAL 
Run 6 .52 .9  
S t a g e s  I n c l u d e d  
i n  C l e a n i n g  S t e p  voc Isc  '500 
* ~ e f i n e d  i n  T a b l e  3.9-2 
3.10 ISOLATION DIELECTRIC 
3.10.1 Recommendations 
- 
We concluded t h a t  i h e  technology of  e l e c t r i c a l  i s o l a t i o n  d i e l e c -  
t r i c s  i s  no t  a t  a s u i t a b l e  s t a g e  of technology r ead ines s  f o r  
a p p l i c a t i o n  t o  i s o l a t e  wraparound c o n t a c t s .  W e  recommend t h a t  
t h i s  design f e a t u r e  and t h e  a s s o c i a t e d  p roces s  s t e p s  be dropped 
from cons ide ra t ion  a t  t h e  p r e s e n t  t ime.  The concept of wraparound 
c o n t a c t s  i s  a t t r a c t i v e  and should be considered f o r  f u r t h e r  develop- 
ment. 
3.10.2 Work Performed 
An i s o l a t i o n  d i e l e c t r i c  was proposed t o  p repare  a wraparound 
c e l l .  The d i e l e c t r i c  would i n s u l a t e  t h e  back s u r f a c e  and edges 
a t  t h e  po in t  of  wraparound. This  should no t  be confused with  a 
d i f f u s i o n  masking d i e l e c t r i c  which has  t h e  purpose of ~ r o t e c t i n g  
t h e  edge of t h e  c e l l  from d i f f u s i o n  which would cause shunt ing .  
The fol lowing s p e c i f i c  c r i t e r i a  were e s t a b l i s h e d  i n  search ing  
f o r  a s u i t a b l e  p r i n t a b l e  d i e l e c t r i c :  
1) Maturat ion temperature  between 550 and 6 5 0 ' ~  
2 )  Thermal expansion c o e f f i c i e n t  between 3.9 and 4.6 
-6 o 
x 1 0  / C .  
3) Freedom from bubbles and p inho le s  
Four f a m i l i e s  o f  g l a s s e s  were explored f o r  t h i s  a p p l i c a t i o n .  
These inc luded  (1) phosphate g l a s s e s  ( S e r i e s  4 1 ) .  ( 2 )  germania/ 
t an ta lum and s i l i c a / t a n t a l u m  g l a s s e s  ( S e r i e s  61) , (3)  b a r i a /  
magnesia b o r o s i l i c a t e  g l a s s e s  ( S e r i e s  71) and ( 4 )  modif ie  t i t a n i a  
p r e c i p i t a t e d  g l a s s e s  ( S e r i e s  9 1 ) .  D e t a i l s  of  t h e  exp lo ra to ry  
T a b l e  3 .10 -1  
O x i d e s  





S i Q 2  
'2'5 
COMPOSITION OF SERIES 61-2-2 
ISOLATION DIELECTRIC GLASS 
E q u i v a l e n t s  A l c o h o l  P e r c e n t  
0 . 6 0 5  8 . 3 0  
0 .395  5 .42  
0 .186  2 .55  
4 .608  63 .25  
0 .096  1 . 3 2  
1 . 3 9 5  1 9 . 1 5  
--- - -. *- 
i n v e s t i g a t i o n  a r e  descr ibed  i n  Appendix C .  One of t h e  s i r i c a /  
t an ta lum g l a s s e s  des igna ted  61-2-2 having t h e  composition given 
i n  Table  3.10-1 was s e l e c t e d  a s  most promising.  
To t e s t  t h e  e f f e c t i v e n e s s  and proper  s i n t e r i n g  procedure ,  18 
wafers wi th  aluminum c o n t a c t s  were s c reen  p r i n t e d  wi th  61-2-2 and 
d r i e d  f o r  15  minutes a t  1 5 0 ~ ~ .  The d i e l e c t r i c s  were then s i n t e r e d  
f o r  5 t o  15 minutes a t  600  t o  7 0 0 ~ ~  i n  a t ube  furnace.  Four s i l v e r  
c o n t a c t  a r e a s  were brushed on, d r i e d  and s i n t e r e d .  The r e s i s t a n c e  
between t h e  aluminum and s i l v e r  was measured, and t h e  adherence of 
t h e  d i e l e c t r i c  and s i l v e r  was determined by applying and p e e l i n g  
#600 Scotch tape .  Resu l t s  a r e  r epo r t ed  i n  Table  3.10-2. 
A l l  wafers had s u f f i c i e n t l y  h igh  r e s i s t a n c e ,  b u t  a l l  wafers  except  
t h e  ones f i r e d  f o r  15 minutes a t  7 0 0 ' ~  had an adherence problem 
between t h e  d i e l e c t r i c  and s i l v e r .  Closer  obse rva t ion  of t h e s e  
two wafers revea led  c rack ing  of t h e  d i e l e c t r i c .  Fu r the r  experiments 
showed t h a t  t h e  d i e l e c t r i c  over  t h e  aluminum cracked on cool ing  
i f  completely f i r e d  due t o  t h e  mismatch between the  expansion coef-  
f i c i e n t  of t h e  aluminum and t h a t  of t h e  d i e l e c t r i c .  The presence 
02 t h e s e  c r acks  r e s u l t e d  i n  some shunt ing  of t n e  c e l l ,  which would 
undoubtedly worsen wi th  humidity. The crackin.g could be avoided 
by u n d e r f i r i n g , t h e  d i e l e c t r i c ,  however, t h i s  d i d  n o t  t u r n  o u t  t o  
be  a v i a b l e  s o l u t i o n  because t h e  incomplete ly  f i r e d  d i e l e c t r i c  
r e a c t e d  wi th  t h e  s i l v e r  p a s t e  t o  form an i n t e r f a c e  wi th  poor 
adhesion.  
PROPERTIES O F  CONTACTS TO 
61-2-2 LSOLATION DIELECTRIC 
T e m p .  5 m i n .  1 0  m i n .  1 5  m i n .  
6 0 0 ~ ~  R e s i s t a n c e  ( l o 3  ohm) cxl (U (U 
No. of P e e l e d  C o n t a c t s  8 8 8 
3  6 5 0 ~ ~  R e s i s t a n c e  ( 1 0  ohm) U) o3 al 
No. of Peeled C o n t a c t s  8 8 8 
7 0 0 ~ ~  R e s i s t a n c e  (lo3 ohm) 05 450 90  
N o .  of P e e l e d  C o n t a c t s  8 3 0.0 
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t-lie r c ? s u l t s  somc\wllat mout3 erratic. P a s t Q  f i r i n g  WLIS cLirril.c.l out- 
i n  s f l u w i n g  yns i~tmospller-t. eons i : . t i ny  o f  l 5 0 0  cc,./min. N and a 
15630 cC,/mi.n. 0 ,  t.c? furtllcx: i11crciIst3 t21c s ~ n s  i t i v i t y .  
& 
Outp~ut  curves ob.taint?d on ce l l s  f a b r i c a t e d  w i t h  t w o  d i f f t : r e n t  
1) y a s t ~ s  with h50 C f i r i n g  tt?mp)crr-~Curus art.  shcdwn i n  Fic~u:'c)s 3 . 1 1 - A  
cirzd 3 .  11-L3. T h e  clt?vt~lopmt?nt c'rf thest. cul-VLI stlclut>nt?tls C-LII~ i)t> 
undt?us t,ood i n  t e r m s  of t h e  oxida t  ivt?  attack o u t  l in t>d  cil~vvtl. Fclr 
vtlry s h o r t  f i s - i n q  times thcr t?  i s  a  vtxry h i g h  c o n t a c t  rt\s istilnc-tl 
g i v i n g  ristt t o  ,I hiqh  ce l l  series r c s i s t a n c t \ .  With incr t l r ts i+j  
fit'l'incy t i l n t l  tilt> c-c>rltact. r t ? s i s t a n c t >  w i l l  d c c r t 3 a s ~  as s h ~ ~ w n  si.llt%n\;l- 
t i c L - i l l y  i n  Z.'igtirt? 3.11-C'. Hawcvcr, with l u n g c r  f i r i n c ~  tilnt.5 tht. 
ce l l  shun.t r ~ > s i s t a n c ~ ,  which  i s  h i g h  for s h o r t  f i x ' i n q  t lrntls, w i l l  
b a g i n  t o  d e c r e a s e .  A t  t h c  time at which d e g r a d a t i o n  of s h u n t  
r ~ s i s t s n c o  bccames s i g n i f i c a n t  f o r  a g i v e n  f s i t  composition, t h e  
f i r i n g  tt.mpcrat.ilro w i l l  depend on t h e  j u n c t i o n  dep th .  Thus ,  t h e  
TIME-TEMPERATURE MATRIX 

























V o l t a g e  ( V o l t s )  
Figure 3 . 1 1 - A  EFFECT O F  FIRING TIME AT 6 5 0 ~ ~  
ON CURVE SHAPE, PASTE A 
0.2  0.3 0.4 
V o l t a g e  ( V o l t s )  
Figure 3.11-B E F F E C T  OF F I I I I N G  T I I I E  AT G ~ O O C  
ON CURVE SHAPE, PASTE B 

c u r v e s  i n  F i g u r e  3.11-C(b) r e p r e s e n t  s u c c c s s i v c l y  d e c p e r  j u n c t i o n  
i n  t h e  p r o q r e s s i o n  from 1 t h r o u g h  3 .  The e x p e c t e d  consequences 
- 
o f  t h c s c  r c s i s t a n c c  e f f e c t s  on t h e  Iscl Voc and f i l l  f a c t o r  
pa ramete r s  o f  thc  o u t p u t  c u r v c s  a r e  shown s r h e m a t i c a l l y  i n  F i g u r e  
Guided by t h e  l iypo thes i s  o f  o x i d a t i v e  a t t a c k  o f  t h e  s i l i c o n  accom- 
pan ied  by s o l u t i o n  o f  t h e  SiOl i n  t h e  f r i t  d u r i n g  t h e  f i r i n g  pro- 
cess, t h o  e f f e c t s  of v a r y i n g  t h e  amount o f  f r i t  i n  t h e  p a s t e  and 
a d d i t i o n s  o f  N t y p e  d i f f u s i o n  s o u r c e s  were i n v e s t i g a t e d .  I n  
g ~ n c r a l ,  b o t h  o f  t h c s c  l e d  t o  improved performance.  
The optimum f r i t  c o n t e n t  i s  u s u a l l y  l e s s  t h a n  t h a t  normal ly  
p r e s e n t  i n  commcrcisl  p a s t e s  and appears  t o  be  about  9 % .  Thc 
e f f e c t  of  roduc ing  t i le  f r i t  c o n t e n t  o f  Cermalloy 4450 s i l v e r  
y a s t c  by t h e  a d d i t i o n  o f  Tliick Film Systems A-250 f r i t l e s s  s i l v e r  
p a s t e  i s  shown i n  F i g u r e  3.11-E. 
Emuls i tonc  233 (Sb) and Trans fne  N-Diffus01 have been found t o  be 
u s e f u l  a d d i t i v e s  i n  t h e  m o u n t s  o f  about  2 %  by we igh t .  The e f f e c t  
o f  adding Emulsitollc 233 (Sb) t.o E lec t ro -Sc ience  L a b o r a t o r i e s  590 
s i l v e r  p a s t c  i s  shown i n  F i g u r e  3.11-P. These d i f f u s i o n  s o u r c e  
a d d i t i v e s  f r e q u e n t l y  hove t h e  e f f e c t  o f  r educ ing  t h o  s e n s i t i v i t y  
o f  t h e  t ime- tempera ture  f i r i n g  c y c l e .  
In o r d e r  t o  f u r t h e r  investigate t h e  s i l v e r  p a s t e - s i l i c o n  i n t e r -  
a c t i o n ,  s o l a r  cel ls  wcro produced w i t h  f o u r  s i l v e r  p a s t e s .  The 
s i l v e r  i n  tilt. p a s t e  docs  no t  m e l t  d u r i n g  t h e  s i n t e r i n g  t r e a t m e n t ,  
b u t  t h e  g l a s s  f r i t  docs m e l t .  The major  i n t e r a c t i o n  w i t h  t h e  
s i l i c o n  w i l l  be w i t h  t h e  f r i t ,  n o t  t h e  s i l v e r .  I n  o r d e r  t o  inves -  
t i g a t e  t h i s  i n t e r a c t i o n ,  t h e  s i l v e r  was removed, a f t e r  measure- 
ment of I - V  c u r v e s ,  w i t h  a d i l u t e  s o l u t i o n  o f  hydrogen pe rox ide .  
Figure 3 . 1 1 - D  
EFFECT OF PASTE FIRING TIME ON I - €  CURVE snFE- 
SCHEMATIC xabsd~ary of  Hugha Aimaft CO. 
TIME 
Figure  3.11-E 
IMPROVEMENT OF CURVE SHAPE 
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Figure  5 .  11-F 
E F F E C T  O F  N-TYPE D I F F U S I O N  SOURCE 
ADDITION TO COI@U3RCIAL S I L V E R  PASTE ON 
SOLAR CELL PERFORMANCE 
, 2  13 1 4  15 6 
VOLTS 
F l u o r e s c e n t  a n a l y s i s  w i t h  a  SEM r e v e a l e d  t h e  b a s i c  composi t ion  
o f  t h e  g l a s s  f r i t  t h a t  remained a f t e r  e t c h i n g .  The e lements  and 
i n t e n s i t i e s  o f  t h e  f l u o r e s c e n t  rad;at ion obse rved  i n  t h e  f o u r  
t y p e s  o f  p a s t e  a r e  g iven  i n  Table  3.11-2; l i g h t  e l ements  (boron 
and l i t h i u m )  which might  b e  i n  t h e s e  p a s t e s  canno t  b e  d e t e c t e d  
bv t h i s  method. I-V c u r v e s  f o r  b e s t  c e l l s  produced from t h e s e  - 
Das tes  a r e  shown i n  F i g u r e s  3.11-G th rough  3.11-J.  The meta l -  
L 
l i z a t i o n  f i r i n g  c o n d i t i o n s  and p a s t e  i d e n t i f i c a t i o n  a r e  g iven  on 
t h e  c u r v e s .  The p a s t e s  hav ing  a l a r g e r  p e r c e n t a g e  of  aluminum 
appear  t o  have more shuntxng.  The p a s t e s  t h a t  d i d  n o t  have any 
aluminum gave t h e  b e s t  I-V curve  b u t  d i d  n o t  have t h e  adherence  
n e c e s s a r y  f o r  good m e t a l l i z a t i o n .  
SEM micrographs  o f  t h e  g l a s s  f r i t  on t h e  s i l i c o n ' s  s u r f a c e  
appear  t o  be  ve ry  s i m i l a r  f o r  a l l  p a s t e s .  The g l a s s  f r i t  f lows 
d u r i n s  the s i n t e r i n g  p r o c e s s  forming s t r u c t u r a l  networks a c r o s s  
" 
t h e  t e x t u r e  s u r f a c e .  The DuPont 7095 conduc t ive  s i l v e r  p a s t e  
f lows v e r y  w e l l  a t  7 0 0 ' ~  and forms a  con t inuous  l a y e r  o f  f r i t  
under  t h e  s i l v e r  g r i d  c o n t a c t s  ( F i g u r e  3.11-K) . There does n o t  
appear  t o  b e  any d e g r a d a t j o n  o f  t h e  t e x t u r e d  s u r f a c e .  The 
E l e c t r o s c i c n c e  590 and E l e c t r o s c i e n c e  590 w i t h  2 %  Emuls i tone  #733 
(Sb dopan t )  does n o t  f low a s  w e l l  a s  t h e  DuPont 7095. The f r i t  
forms networks a c r o s s  pyramids w i t h  a r e a s  f r e e  o f  f r i t .  The 
pyramids appear  t o  have s p o t s  growing on t h e i r  s i d e s ,  p o s s i b l y  
f r i t  ( F i q u r e s  3.11-L and 3.11-M). There does n o t  appear  t o  be 
. - 
any d e g r a d a t i o n  o f  t h e  t e x t u r e d  s u r f a c e .  The EMCA Ag 92 a p p e a r s  
t o  b e  t h e  lowes t  m e l t i n g  f r i t  forming t h e  h e a v i e s t  l a y e r  o f  f r i t  
on t h e  t e x t u r e d  s u r f a c e  ( F i g u r e  3.11-N) . The f r i t  appears  t o  
have f lowed beyond t h e  a r e a  of  t h e  s i l v e r  g r i d  c o n t a c t  and c o a t e d  
t h e  a d j a c e n t  t e x t u r e d  s u r f a c e  w i t h  a  t h i n  l a y e r  o f  f r i t .  The 
f r i t  does  n o t  appear  t o  have any d e t r i m e n t a l  e f f e c t  on t h e  
s i l i c o n .  
T a b l e  3.11-2 
RELATIVE FLUORESCENCE INTENSITIES O F  ELEmNTS 
PRESENT I N  FRITS OF SILVER CONDUCTIVE PASTES 
E l e c t r o s c i e n c e  
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Voltage - v o l t s  
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-. 
t y p e  590 i n k  w i t h  2% Ernuls i tone #733 a d d i t i v e ,  : I \ ; : :  - ! ' .  1 
f i r e d  f o r  25 seconds a t  7000C, no AR c o a t i n g ,  . + . + - . +  
A111 , 280C. 
. . .  
Vo l tage  - v o l t s  
14 8 
- - 
- Fiaure 3.11 -5 1 - V  curve for  solar cell made with EMCA 
. . 
- 
Ag 92 ink, f l red for  20 seconds a t  7000C, 
no AR coating, AM1,  280C. 
Voltage - volts 
F i q u r c  3 .11-Ka 2000X 
,-F.i!;<;;;,;. :,ti? ': 
q L\, ,(!I{ :;.. ;. 1 . '  '. , 
F i a u r c  3 .11-Kb 5000X 
F i q u r c  3.11-K SE."? of s i l v c r  m e t a l l i z a t i o n  c o n t r a c t  area 
a f t e r  r e m o v a l  of  siil-t7r b y  d i l u t e  h y d r o g e n  
p e r o s i c ? ~ .  D u n o n t  7 0 9 5  s i l v e r  i n k .  
f i s u r c  3 .11 -L  SKY. of s i l v c r  m e t a l l i z a t i o n  c o n t a c t  a rea  
a f t c r  r c m o l T a l  o f  s i l l ~ c r  by d i l u t e  h y d r o q e n  
p ~ r o x i d c .  E l r c t  roscl c n c e  5 9 0  s i l v c r  i n k .  
f lqurc 3 .  1 1-'.1 ST'?? of si11.cr ~ ~ t a l l i z a t ~ o n  co tact area 
,!Ctct- 1-(>in01~,31 of s 1 lvcr by dil:ltc. h y d r o q e n  
., \ ,- 
. x i ? .  I:lcctrc>s~lt3n~~ 5 Q O  S I  l ~ ~ c r  i n k  
+ 2" !:n:ils~tonc 7:; ( [ Y C T ) .  
Figure 3.11-N SEY of sillrcr metallization contact area 
after r~no\~nl 0 5  silver by dilute hydroqen 
peroxide. E?:CA ACT 9 2  sillrcr ink. 
I f  one  compares t h e  I-V c u r v e s  f o r  t h e  v a r i o u s  commercial f r i t t e d  
s i l v e r  p a s t e s  t e s t e d  and t h e  f l u o r e s c e n t  a n a l y s i s  o f  t h e s e  p a s t e s ,  
it appears  t h a t  aluminum i s  n d e t r i m e n t a l  e lement .  To de te rmine  
whether  aluminum-free f r i t s  produce h igh  e f f i c i e n c y  s o l a r  ce l l s ,  
t h r e e  t y p e s  o f  low m e l t i n g  f r i t s  were p r e p a r e d  (Tab le  3.11-3) .  
Two p e r c e n t  by weight  o f  t h c s e  f r i t s  was added t o  a f r i t l c s s  
s i l v e r  p a s t e .  F i g u r c  3.11-0 shows c h a r a c t e r i s t i c  cu rves  f o r  cel ls  
mado w i t h  p a s t e  based on F r i t  # 2 .  A l l  o f  t h c s c  p a s t e s  producad 
v e r y  good ce l l s  and passed  a t a p e  p u l l  t e s t  w i t h  Scotch  Brand 600 
t a p e ;  b u t  when t h c s e  p a s t e s  wcrc s o l d e r e d ,  t h c  i n t e r c o n n e c t  
absorbed t h e  s i l v e r  on t k c  c o n t a c t ,  and t h e  i n t c r c o n n e c t i o n s  p u l l c d  
o f f  a t  a  low l o a d  o f  2 0 0  grams. 
These f r i t s  developed a t  S p c c t r o l a b  appear  t o  s a t i s f y  t h e  r e q u i r e -  
ments f o r  h i g h  e f f i c i e n c y  s o l a r  c i ~ l l s ,  b u t  t h e y  l a c k  adherence  
a f t e r  s o l d e r i n g .  A d d i  t i a n a l  development o f  t h e s e  f a - i  t s  -12eds t o  
b e  conducted i n  o r d e r  t o  produce a  s i l v e r  p a s t e  t h a t  i s  a d h e r e n t  
a f t e r  s o l d e r i n g  and produces  a  h igh  e f f i c i e n c y  s o l a r  c e l l .  The 
comrncrcial s i l v e r  p a s t e s  l i s t e d  i n  Table  3.11-4 were e v a l u a t e d  
w i t h  r e s p e c t  t o  o u t p u t  of c e l l s  f a b r i c a t e d  w i t h  v a r i o u s  f i r i n g  
c y c l e s .  Those p a s t e s  i n d i c a t e d  by a s t e r i s k s  a r e  t h o s e  g i v i n g  
b e t t e r  r e s u l t s .  Thc Thick F i lm Systems A 2 5 6  w i t h  t h e  a d d i t i o n  o f  
2 8  N-Diffusol was s e l e c t e d  a s  t h e  b a s e l i n e  m a t e r i a l  f o r  subsequen t  
work. The A256 d e s i g n a t i o n  was l a t e r  changed t o  3347 by Thick 
Fi lm Systems. 
The s e r i e s  r e s i s t a n c e  o f  t h e  c u r r e n t  c e l l  d e s i g n  f a b r i c a t e d  w i t h  
s c r e e n  p r i n t e d  f r o n t  m e t a l  was e v a l u a t e d .  The f r o n t  c o l l e c t o r  
p a t t e r n  was found t o  b e  a major  c o n t r i b u t o r  t o  t h e  s e r i e s  resis- 
t a n c e .  The measured series r e s i s t a n c e  was i n  t h e  range  o f  80  t o  
100 mi:. The s e r i e s  r e s i s t a n c e  was c a l c u l a t e d  t o  be 9 0  mi: as 
summarized i n  Table  3.11-5. The d e t a i l e d  series r e s i s t a n c e  
Table  3.11-3 
COMPOSITION OF ALUMINUM-FREE GLASS FRITS 
Weight P e r c e n t  of Oxides 
-- -- 
F r i t  No. PbO S i 0 2  
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T a b l e  3 . 1 1 - 4  
COMMERCIAL AG PASTES 
EVALUATED FOR USE AS COLLECTOR METALLIZATION 
AVX . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  C e r m a l o y  
. . . . . . . . . . . . . . . . .  D u P o n t  
. . . . . . . . . . .  
. . . . . . . . . .  E l e c t r o s c i e n c e  Lab 
. . . . . . . . . . . . . .  E n g l e h a r d  
. . . . . . . . . . . . . .  
. . . . . . . . . . .  M e t h o d e  Dev. C o .  
. . . . . . . . . . .  
P l e s s e y  . . . . . . . . . . . . . . .  
. . . . . . . . . .  T h i c k  F i l m  S y s t e m s  
. . . . . . . . . .  
. . . . . . . . . . . . . . .  T r a n s e n e  
. . . . . . . . . . . . . . .  
6 0 8 0  
4 4 5 0  
7 0 9 5 *  
7 7 1 3  
8 a 3 2  
AG-6058-1 
AG-92* 
5 9 0 *  
E - ~ ~ ~ - A / B * / C  
A 2 7 3 5  
A 2 9 2 1  (Mod.  0 2 5 ) *  
A 3 2 3 3  
3 5 2 1  
3 5 2 2  
L 1 5 - 1 2 6 0 - T 1  
A250 ( F r i t l e s s )  
A256* ( 3 3 4 7 )  
A 2 6 8  
A 3 3 3 0  
1 0 0  
2 0 0  
*Pastes g i v i n g  be t t e r  r e s u l t s  a s  r e c e i v e d  f r o m  v e n d o r .  
T a b l e  3 . 1 ~ - 5  
C a l c u l a t e d  C o n t r i b u t i o n s  t o  C e l l  
S e r i e s  ~ e s i s t a n c e  
C o m p o n e n t  - R e s i s t a n c e  
B a s e  ~ e g i o n  3 . 4  ma2 
D i f f u s e d  L a y e r  1 4 . 9  mil 
G r i d l i n e s  7 . 0  mQ 
C o l l e c t o r  B a r  6 4 . 8  mil 
T o t a l  
T a b l e  3 . 1 1 - 6  
EXPERIMENT 6 . 5 1 . 9  
AVERAGE VALUES 
E f f e c t  of S o l d e r  C o a t i n g  O h m i c  C o l . l e c t o r  B a r  
on C e l l  P e r f o r m a n c e  
BEFORE SOLDER ON OHMIC AFTER SOLDER ON OHMIC 
I I 
c a l c u l a t i o n  i s  g iven  i n  Appendix 1. The major  c o n t r i b u t i o n  t o  
t h e  series r e s i s t a n c e  i s  t h a t  o f  t h e  ohmic c o l l e c t o r  b a r .  I n  
o rd*  ve r i fy  t h e s e  r e s u l t s ,  t h e  c e n t e r  ohmic c o l l e c t o r  o f  a  
c e l ,  was c o a t e d  w i t h  s o l d e r .  The change i n  t h e  I - V  c h a r a c t e r -  
i s t i cs  ( F i g u r e  3.11-P) i n d i c a t e d  a  2 5  mR r e d u c t i o n  i n  series 
r e s i s t a n c e .  Experiment  6.51.9 (Tab le  3.11-6) f u r t h e r  v e r i f i e d  
t h e s e  r e s u l t s .  I t  was t h u s  concluded t h a t  t h e  f r o n t  ohmic 
c o l l e c t o r  c o u l d  be r e d e s i g n e d  t o  be  more e f f e c t i v e .  
AS a  p a r t  o f  t h i s  e v a l u a t i o n ,  t h e  c o n d u c t i v i t y  o f  t h e  f r o n t  con- 
t a c t  m e t a l  was a l s o  examined. T e s t  p a t t e r n s  were s c r e e n e d  o n t o  
50 ohm-cm 2 "  s i l i c o n  wafe r s  t o  proviAe s u i t a b l e  l i n e s  on which 
t o  perform measurements (see F i g u r e  3.11-Q). The e f f e c t i v e  l i n e  
l e n q t h  of t h e  p a t t e r n  was 72.90 c m  and t h e  width  and h e i g h t  
v a r i e d  w i t h  t h e  t y p e  o f  p a s t e  used.  Widths were measured by 
Ta lysur f  and o p t i c a l  methods. The r e s i s t a n c e  o f  t h e  p r i n t e d  
c o n t a c t  l i n e  was measured w i t h  a  Genera l  Radio Digi-Bridge meter  
which h a s  a r e s o l u t i o n  o f  1 milli-ohm. The r e s i s t a n c e  o f  each 
h a l f  o f  t h e  p a t t e r n  was measured i n  a d d i t i o n  t o  t h e  e n t i r e  
p a t t e r n  t o  guard  a g a i n s t  i s o l a t e d  gaps o r  p inched down r e g i o n s .  
Measurements o f  a l l  l i n e s  i n  one p a t t e r n  r e v e a l e d  a  maximum o f  
4 %  v a r i a t i o n  i n  f o u r t e e n  1 . 9 5  cm l o n g  l i n e s  which i s  i n d i c a t i v e  
o f  u n i f 0 r m i . t ~  w i t h i n  a  p a t t e r n .  
Three d i f f e r c r l t  s i l v e r  conduc t ive  t h i c k  f i l m  p a s t e s  were t e s t e d  
i n c l u d i n g  t h e  p r e v i o u s l y  used Thick Fi lm Systems 3347 + 2 %  
Transenf N--Diffusol. The r e s i s t a n c e ,  h a l f  p a t t e r n  r e s i s t a n c e ,  
and l i n e  width  e r c  : .~easured v a l u e s  which were used t o  ~ a l c u l a t e  
t h e  r e s i s t i v i t y  and l i n e  t h i c k n e s s .  These v a l u e s  a r e  p r e s e n t e d  
i n  Table  3.11-7. The c r o s s - s e c t i o n a l  a r e a  n e c e s s a r y  f o r  t h e  
r e s i s t i v i t y  c a l c u l a t i o n  was de te rmined  by g r a v i m e t r i c  i n t e g r a -  
t i o n  o f  t h e  T a l y s u r f  cu rves  f o r  each p a s t e .  The e f f e c t i v e  l i n e  
t h i c k n e s s  was t h e n  c a l c u l a t e d  from t h e  l i n e  l e n g t h ,  based on 
r e s i s t i v i t y .  
F i g u r e  3.li-P 
EFFECT OF FlEDUCING SERIES RESISTANCE OF 
CENTER OHMIC BAR 




The r e s i s t a n c e  o f  t h e  TFS-3347 + 2 %  N-Diffusol  p a s t e  was t h e  
l o w e s t ,  even though t h e  r e s i s t i v i t y  (pTFS = 2 . 7 5 ~  b u l k  s i l v e r )  
i s  h i g h e r  t h a n  t h e  DuPont 7095. The DuPont p a s t e  had t h e  l o w e s t  
r e s i s t i v i t y  (pDuPont = 1 . 8 ~  b u l k  s i l v e r ) ,  however, less m a t e r i a l  
was d e p o s i t e d  and it flowed more, r e s u l t i n g  i n  t h i n n e r ,  wider  
g r i d l i n e s  of s m a l l e r  c r o s s - s e c t i o n a l  a r e a .  The ESL AG590 p a s t e  
had a s l i g h t l y  h i g h e r  r e s i s t a n c e  and r e s i s t i v i t y  t h a n  t h e  TFS 
p a s t e .  
To reduce  t h e  series r e s i s t a n c e ,  a  s c r e e n  w i t h  a  2 m i l  emulsion 
was p rocured  and e v a l u a t e d .  This  s c r e e n  indeed  reduced t h e  
s e r i e s  r e s i s t a n c e  from abou t  90 t o  60 milli-ohms f o r  t h e  1 and 2 
m i l  emulsion s z r e e n ,  r e s p e c t i v e l y .  However, t h e  s c r e e n  w i t h  2 
m i l  emulsion h a s  a g r e a t e r  tendency t o  c l o g  t h e  6 m i l  g r i d l i n e s .  
Th i s  r e s u l t s  i n  broken p r i n t e d  g r i d l i n e s  and h i g h e r  sexies 
r e s i s t a n c e .  3 1  improved method f o r  producing c e l l s  w i t h  low 
series r e s i s t a n c e  would be  t o  app ly  t h e  g r i d l i n e s  and c e n t e r  
ohmic c o l l e c t o r  i n  two separate o p e r a t i o n s ,  w i t h  t h e  i n t r o d u c -  
t i o n  o f  a  cost p e n a l t y  f o r  tllc a d d i t i o n a l  s c r e e n  p r i n t i n y  
o p e r a t i o n .  
The Rad ia t ion  Technology I n f r a r e d  Furnace was i n v e s t i g a t e d  f o r  
p o s s i b l e  u s e  i n  t h e  ce l l  p r o c e s s  sequence  d i s c u s s e d  e a r l i e r .  
The I R  Eurnncc c o n s i s t s  of f ou r  c o n t r o l l e d  zones o f  I R  lamps. 
C e l l s  t h a t  p a s s  th rough  t h e  f u r n a c e  a r e  c a r r i e d  under t h e  lamps 
on a n i n e  i n c h  wide m e t a l  w i r e  b e l t  w i t h  a  v a r i a b l e  speed  
between t e n  and s e v e n t y  inches/min.  The f i r s t  two zones w e r e  
des igned  f o r  d r y i n g  and p a s t e  c o n t a c t  a t  a t e m p e r a t u r e  between 
0 and 4 0 0 ~ ~ .  The combined l e n g t h  o f  t h e s e  two zones i s  t h i r t y -  
s i x  i n c h e s .  The second two zones were des igned  f o r  t h e  f i r i n g  
4- 
o f  e i t h e r  t h e  aluminum P c o n t a c t  o r  t h e  p r i n t e d  s i l v e r  f r o n t  
c o n t a c t  a t  a  t e m p e r a t u r e  between 300 and 1 1 0 0 ~ ~ .  The combined 
l e n g t h  o f  t h e s e  two zones is twenty-fonr  i n c h e s .  
I n  o r d e r  t o  t e s t  t h e  performance o f  t h e  f u r n a c e ,  wafe r s  were 
processerl  i n  accordance  w i t h  o u r  s t a n d a r d  p r o c e s s  sequence ,  
I 
e x c e p t  c h a t  t h e  w a f e r s  were l a s e r  s c r i b e d  p r i o r  t o  f r o n t  s u r f a c e  
i 
m e t a l l i z a t i o n .  I n  o u r  i n i t i a l  exper iment  (8 .61 .9 )  w i t h  t h e  I R  
f u r n a c e ,  t h e  wafe r s  were d r i e d  i n  an oven a t  1 2 5 ' ~  p r i o r  t o  I R  
f i r i n g .  The f r o n t  c o n t a c t s  were f i r e d  i n  t h e  I R  f u r n a c e  w i t h  
i 
I R  zones 3 and 4 s e t  a t  700'~. The b e l t  speed  was v a r i e d  
i 
t i 
between 20 and 50 inches/min.  The optimum b e l t  speed was a b o u t  ; 
Z 40 in. /min.  , Table 3.11-8. The c o n t r o l  w a f e r s  f i r e d  i n  a  t u b e  f 
f u r n a c e  were p r o c e s s e d  i n  p a r a l l e l  w i t h  t h e  I R  f i r e d  w a f e r s ,  
s 
g, Table  3.11-9. These w a f e r s  were f i r e d  f o r  30 seconds  a t  7 0 0 ~ ~  I 
and had a  h i g h e r  o u t p u t  t h a n  t h e  I R  w a f e r s  p r o c e s s e d  on t h e  
50 in . /min .  b e l t .  The c o n t r o l  wafe r s  were compared w i t h  t h e  
50 i n .  /min. b e l t ,  because  th roughpu t  i s  2 major  cons i .de ra t ion .  
The I R  f i r e d  wafe r  w i t h  a  50 in . /min .  b e l t  speed  remained i n  t h e  
24 i n .  f i r i n g  bank f o r  29 seconds  and had a  ve ry  low o u t p u t .  
The 40 in . /min .  b e l t  speed had a  much b e t t e r  o u t p u t .  This  
i n d i c a t e d  t h a k t h e  7 0 0 ~ ~  f i r i n g  bank was t o o  low f o r  p r o p e r  s i l v e r  
f i r i n g  ana  th roughpu t .  
A second exper iment  (9 .65 .9 )  was run  w i t h  t h e  b e l t  speed  h e l d  
c o n s t a n t  a t  50 in . fmin .  ( 2 9  sec. i n  t h e  f i r i n g  zone) and t h e  
t e m p e r a t u r e  o f  t h e  l a s t  two f i r i n g  zones was v a r i e d .  The t h i r d  
zone was v a r i e d  between 750 and 800°c, an6 t h e  f o u r t h  zone was 
v a r i e d  between 725 and 8 0 0 ~ 6 .  A l l  o f  t h e  w a f e r s  were d r i e d  i n  
an oven a t  125Oc. Nine a d d i t i o n a l  wafe r s  were f i r e d  under  t h e s e  
c o n d i t i o n s  a s  shown i n  Table  3.11-10. 
I n  a  t h i r d  exper iment ,  an a t t e m p t  was made t o  s i m u l a t e  t h e  oven 
d r y i n g  by t u r n i n g  on t h e  f i r s t  two zones .  The w a f e r s  were d r i e d  
i n  zones 1 and 2  and were f i r e d  i n  zones 3 and 4 .  A d r y i n g  
0 t e m p e r a t u r e  o f  2 6 0 ~ ~  and 410 C i n  zones 1 and 2 ,  r e s p e c t i v e l y ,  
T a b l e  3.11-8 
I R  F i r i n g  o f  S i l v e r  F r o n t  C o n t a c t s  
C o n s t a n t  T e m p e r a t u r e  and V a r i a b l e  B e l t  Speed  
AR C o a t e d  2 .12x2 .12  i n c h  s q u a r e s  
Run 8 .61 .9  
Zone S e t t i n g s :  ZOnf 1, Zone 2 ,  Zone 3 ,  Zone 4 : 0 ,  0 ,  700,  700 ( O C )  
B e l t  s p e e d  
voc Isc '500 Rsh  
Inch /min  (mv) ( m a  ( m a )  
T a b l e  3.11-9 
A v e r a g e  
C o n t r o l  C e l l s ,  T u b e  F i r e d  S i l v e r  F r o n t  C o n t a c t s  
AR C o a t e d  2 . 1 2 x 2 . 1 2  inch s q u a r e s  
Run 8 . 6 1 . 9  
Tube F i r e d  a t  7 0 0 " ~  f o r  30 sec. 
T a b l e  3 .11 -10  
I R  F i r i n g  of S i l v e r  F r o n t  C o n t a c t s  
V a r i a b l e  T e m p e r a t u r e  and C o n s t a n t  B e l t  S p e e d  
No AR C o a t i n g  2 . 1 2  x 2 . 1 2  I n c h  S q u a r e s  
Run 9 . 6 5 . 9  
B e l t  S p e e d  5 0  i n c h / m i n  
Zone 1 Zone 2 Zone  3  Zone 4  Voc 
Temp Temp Temp 
Isc '500 R s h  
TgmP 
( C) ( O c )  (Oc)  ( O c )  (mv) (ma)  (ma)  ( 5 2 )  
0  0  7 7 5  72 5  6 0 1  6 8 8  6 0 1  4 3 . 9  
6 0 0  6 6 8  5 5 7  2 3 . 0  
6 0 1  6 7 4  5 6 2  5 5 . 0  
*602 6 6 3  3 9 3  3 4 . 5  
599  6 8 0  5 7 1  4 3 . 1  
5 9 9  6 7 7  5 3 0  3 2 . 9  
*600 6 7 4  5 2 4  4 2 . 4  
*600  6 8 4  4 0 1  3 1 . 9  
5 9 6  7 0 2  4 8 8  4 2 . 0  
600  6 9 9  5 8 4  4 7 . 6  
6 0 0  6 6 8  5 8 3  6 1 . 0  
A v e r a g e  6 0 0  6 8 2  5 6 0  4 3 . 6  
* B r o k e n  g r i d  l i n e s  n o t  t a k e n  i n t o  average. 
was judged t o  b e  t h e  optimum s e t t i n g .  Seven a d d i t i o n a l  samples 
were f i r e d  under  t h e s e  optimum d r y i n g  c o n d i t i o n s  when zone 3  
was se t  a t  7 5 0 ~ ~  and zone 4 was se t  a t  700°c, Table 3.11-11. 
The o u t p u t  o f  t h e s e  c e l l s  was s l i g h t l y  lower  t h a n  t h e  c o n t r o l  
group which w a s  f i r e d  i n  a  t u b e  f u r n a c e ,  Table  3.11-12. 
Reexamination o f  t h e  d a t a  o f  r u n  9.65.9 i n d i c a t e d  t h a t  t h e  
s e t t i n g  o f  260, 410, 750 and 7 5 0 ~ ~  f o r  zones 1, 2, 3 ,  and 4 ,  
r e s p e c t i v e l y ,  may b e  optimum. I n  run  9.66.9 f o u r  d i f f e r e n t  
(110) o r i e n t e d  l o t s  o f  s i l i c o n  were p r o c e s s e d  w i t h  h a l f  o f  each 
l o t  used  a s  c o n t r o l s  and h a l f  d r i e d  and f i r e d  under t h e  optimum 
I R  s e t t i n g ,  Tab le  3.11-13, 3.11-14, 3.11-15, and 3.11-16. I n  
a l l  l o t s ,  t h e  I R  f i r i n g  was b e t t e r  t h a n  t h e  t u b e  f i r i n g .  The 
f i r s t  two l o t s  o f  w a f e r s  from Wacker were s u p e r i o r  t o  t h o s e  
from t h e  second two l o t s  purchased  from Texas Ins t ruments .  
These i n i t i a l  r e s u l t s  o f  t h e  i n f r a r e d  d r y i n g  and f i r i n g  o f  s c r e e n  
p r i n t e d  s i l v e r  p a s t e  c o n t a c t s  i n d i c a t e  p o s s i b i l i t i e s  of  producing 
h i g h  e f f i c i e n c y ,  f o u r  i n c h  s q u a r e  c e l l s  a t  t h e  r a t e  of  350 p e r  
hour .  
The remaining work performed i n  t h i s  t a s k  emphasized t h e  r e p l a c e -  
ment o f  t h e  more expens ive  A g  p a s t e  by c e r t a i n  b a s e  m e t a l  p a s t e s .  
Our c h o i c e  f o r  t h e  rep lacement  was a i r  f i r a b l e  ~i p a s t e  w i t h  20% 
f r i t  from Thick F i lm Systems,  I n c .  
W e  were concerned w i t h  t h r e e  problems:  1) e l e c t r i c a l  b e h a v i o r ,  
2 )  a d h e r e n t  n a t u r e  o f  t h e  a i r  f i r e d  N i  c o n t a c t ,  and 3 )  t h e  
s o l d e r a b i l i t y  of  t h e  a i r  f i r e d  N i  c o n t a c t  w i t h  c o n v e n t i o n a l  
s o l d e r  (Pb-Sn) . 
Table 3.11-11 
I R  Drying and F i r i n g  of  S i l v e r  Front  Contacts  
Var iab le  Temperature and Constant  B e l t  Speed 
No AR Coating 2.12 x 2 . 1 2  Inch Squares 
B e l t  Speed 50 insh/min. 
Run 9 .65 .5  
Zone 1 Zone 2 Zone 3  Zone 4  Voc 
Temp Temp I S C  Temp 
'500 Rsh 
TgmP 
(OC)  ( O c )  ( O c )  ( C) (mv) (ma) (ma) ( ~ 2 )  
310  430  7 5 0  750 599  664 5 7 8  2 4 . 2  
5 9 8  652 5 5 3  2 5 . 6  
6 0 1  6 8 1  530 
- 
33.1 
Average 6 0 0  688  549  35 .3  
T a b l e  3 .11-12  
C o n t r o l  C e l l s ,  T u b e  F i r e d  S i l v e r  F r o n t  C o n t a c t s  
No AR C o a t i n g  2 . 1 2  x 2 . 1 2  i n c h  s q u a r e s  
Run 9 . 6 5 . 9  
T u b e  F i r e d  a t  7 0 0 ~ ~  f o r  30  sec. 
"oc Isc '500 Rsh 
(mv) (ma) ( m a )  (n 
5 9 8  699  5 8 5  2 2 . 6  
6 0 0  669  5 8 3  4 0 . 3  
6 0 1  6 8 7  599  8 4 . 8  
6 0 2  6 9 0  6 0 2  7 0 . 4  
5 0 2  6 8 3  6 0 0  3 8 . 5  
6 0 1  669  5 7 8  4 6 . 3  
6 0 1  6 8 0  5 8 8  2 6 . 5  
6 0 1  6 7 7  5 9 0  4 6 . 7  
A v e r a g e  6 0 1  6 8 2  5 9 1  4 7 . 0  
T a b l e  3.11-13 
I R  Vs T u b e  F i r e d  F r o n t  S i l v e r  C o n t a c t s  
N o  AR C o a t i n g  2 . 1 2  x 2 .12  I n c h  S q u a r e s  
Run 9 . 6 6 . 9  
S i l i c o n  Type :  ( 1 1 0 )  ( 6 3 7 8 )  W a c k e r  ( 1 0 . 0  : -em) 
I R  F i r e d  S i l v e r  f r o n t  contacts  
B e l t  S p e e d  50  i n c h / m i n  
Zone  1, Zone 2 ,  Zone 3 ,  Zone 4:  2 6 0 ,  4 1 0 ,  7 5 0 ,  750 (OC)  
6 0 1  755  610  8 2 . 0  
A v e r a g e  6  0 1  7 5 1  606 6 5 . 2  
T u b e  F i r e d  a t  7 0 0 ~ ~  for  3 0  sec. 
6 0 2  756 610  3 1 . 9  
A v e r a g e  5 9 9  708 564 5 7 . 5  
T a b l e  3 - 1 1 - 1 4  
I R  Vs T u b e  F i r e d  F r o n t  S i l v e r  C o n t a c t s  
N o  AR C o a t i n g  2 . 1 2  x 2 . 1 2  I n c h  S q u a r e s  
Run 9 . 6 6 . 9  
S i l i c o n  T y p e :  ( 1 1 0 )  ( 5 1 2 )  W a c k e r  ( 2 . 0  r2-cm) 
I R  F i r e d  S i l v e r  F r o n t  C o n t a c t s  
B e l t  S p e e d :  5 0  i n c h / m i n  
Zone 1, Zone 2 ,  Zone  3 ,  Zone 4 :  2 6 0 ,  41.0, 7 5 0 ,  ? 5 0  ('c) 
5 9 8  7 4 7  5 9 3  4 5 . 9  
6 0 0  7 4 5  614  1 2 5 . 0  
604  7 1 8  609  3 0 . 9  
6 0 4  7 1 3  6 0 5  3 1 . 9  
5 9 6  957  605 7 5 . 8  
A v e r a g e  6 0 0  7 3 6  6 0 5  61.. 9  
T u b e  F i r e d  a t  7 0 0 ~ ~  f o r  3 0  sec. 
Table  3.11-15 
I R  V s  Tube F i r e d  F ron t  S i l v e r  Contac t s  
N o  AR Coat ing 2 .12  x 2.12 Inch  Squares  
Run 9.66 .9  
S i l i c o n  Type: ( 1 1 0 )  (4950 -1 )  Texas Instruxzent  (0 .4  0,-cm) 
I R  F i r e d  S i l v e r  F r o n t  Con t ac t s  
B e l t  Speed 50 inch/min 
Zone 1, zone 2, Zone 3, 
604  638 526 9 . 7 5  
60 3  615 529  1 4 . 0  
602 620  519 1 3 . 9  
603 6 2 0  532  20 .9  
603 6 0 8  5 2 0  1 4 . 9  
603  616 528  1 8 . 0  
Average 603  6 2 0  526 1 5 . 2  
Tube F i r e d  a t  7 0 0 ~ ~  f o r  30 sec. 
6 0 0  598  482 2 0 . 1  
6 0 1  617  5 0 2  1 7 . 2  
599 602 479 14 .2  
603  628  512  1 6 . 0  
604 636 5 3 6  1 2 . 6  
599 595 478  23 .6  
Average 6 0 1  613  498 1 7 . 3  
T a b l e  .>. 11-16  
I R  Vs T u b e  F i r e d  F r o n t  S i l v e r  C o n t a c t s  
N o  AR C o a t i n g  2 . 1 2  x 2 . 1 2  I n c h  S q u a r e s  
Run 9 . 6 6 ; 9  
S i l i c o n  Type :  ( 1 1 0 )  ( 4 9 5 0 - 2 )  T e x a s  I n s t r u m e n t  ( 0 . 4  R-cm) 
I R  F i r e d  S i l v e r  F r o n t  C o n t a c t s  
B e l t  Speed 5 0  i n c h / m i n  
Zone 1, Zone 2 ,  Zone  3 ,  Zone 4 :  2 6 0 ,  4 1 0 ,  7 5 0 ,  7 5 0  ( O C )  
5 9 9  5 9 9  4 9 0  9 . 2 4  
5 9 5  5 6 7  4 6 3  8 . 5 8  
SO0 6 0 4  4 7 5  6 . 5 4  
5 9 9  6 1 4  4 8 5  6 . 0 0  
5 9 9  5 i 7  4 9 8  7 . 4 9  
5 9 9  6 0 4  4 4 0  5 . 6 4  
59  8  6 0 9  4 6 5  4 . 2 1  
Atre rage 5 9 8  6 0 0  4 7 2  7 . 9 0  
T u b e  F i r e d  a t  7 0 0 ~ ~  f o r  30  sec. 1 
5 8 9  5 4 2  3 4 8  7 . 0 7  
A v e r a g e  5 3 5  5 8 6  4 2 7  1 0 . 1  
N i  paste  was i'irst scrccn p r in tcd  onto e c l l s  and then ovon d r i ed .  
Various t ~ i n g ~ r c i t u x : ~ ~  ( 6 5 0 ' ~  t o  75.0'~) and timos ( 3 0  t o  1 2 0  scc.  ) 
were explored to  determine an optimum a i r  f i r i n g  schcdule f o r  
tilt? N i  t h i c k  f i lm contack. E l e c t r i c a l  performance ~:~>sul.t.,s ind i -  
ca ted  . that  s u r i c l s  r e s i s t ance  was the major problem. Nickc'l 
pas te - s i l i con  junction i n t e r a c t i o n  npycnrc?d t o  ba minimal, 
One sample from cac1r siir.t;aring condi t ion was ctchc?ll i n  a 5 %  
N1i40H s o l u t i o n  f o r  1 0  sccol~ds t o  romovc poss ib le  'toxido loyt\rslt 
on the  c a n t a c t  sur faces  and t a  pragarc t h ~  su r faces  fo r  soldor-  
ing .  Somplcs bcforo onn a f t e r  atcll lng were electrically t c s t c d ,  
and tire r e s u l t s  a r c  l i s t e d  i n  Tnblo 3.11-17. I n  g t ~ n o r a l ,  ctclr- 
i n g  seemed t o  improve t h u  c l .cc t r ica1  performances of t h e  c a l l s ,  
however, t h i s  trcctatment d id  dcstroy tht? adficrence b c t w ~ ~ n  thcl 
contac ts  rind tho s i l i c o n  substrn.t:o,s. 
A few "as  a i r  f i r e d "  samples wcrf dip-soldered, (Sn-Ph-Ag so lde r  
and organic  ac id  f l u s )  and t h c i r  c l c c t r i c a l  pcrformanec memsura- 
ments bcforc  and a f t e r  so lds r ing  a r e  sllown i n  Tnblt? 3.11-38. 
S i g n i f i c a n t  imprsvcments i n  e l c c t r i c n l  performanct? a f t e r  sol-der- 
i n g  were observed. Microscopic examinations of  t h e  t w o  salclcrad 
samples ncvoalcd s u b s t a n t i a l  l a y e r s  s f  so lde r  on L1lc N i  contac ts .  
C e l l s  p r i n t c d  with N i  pnsto QE high f r i t  ( 2 0 % )  content ,  and 
f i r e d  a t  var ious tr 'n~poraturcs and t imes i n  an N, gas ntmosphcrr 
0 
were not a b l e  t o  be soldered. Ijuwcver, r c s i n t e r i n g  of these 
specimens i n  a i r  seemed t o  cnhencr t h e i r  s o l d e r a b i l i t y .  E l c c t r i -  
cnL perfornlnncc da ta  of some s e l ~ c t a d  syccimsns bcfore  and a f t e r  








S i m i l a r  s t u d i e s  were performed on ce l l s  s c r e e n  p r i n t e d  w i t h  a i r  
f i r a b l e  Cu p a s t e .  Extremely h i g h  series r e s i s t a n c e s  and low 
s h u n t  r e s i s t a n c e s  were measured. These t y p e s  of d e g r a d a t i o n  
modes a r e  b e l i e v e d  t o  b e  due t o  i n s u f f i c i e n t  s i n t e r i n g  of t h e  
c o n t a c t s  and e x c e s s  p e n e t r a t i o n  o f  Cu i n t o  t h e  j u n c t i o n s  d u r i n g  
s i n t e r i n g .  Consequent ly ,  work on copper  s c r e e n  p r i n t e d  c e l l s  
was discontinued. 
3.12 BACK CONTACT PADS I 
The o r i g i n a l  p rocess  sequence envis ioned  t h e  use  of  a  s c r e e n  p r i n t e d  1 
s i l v e r  c ~ n ~ n c t  pad on t h e  aluminum back t o  which t h e  interconnects I ! 
could be subsequent ly  so ldered .  This  was found t o  be s u s c e p t i b l e  I 
t o  anodic co r ros ion .  A t in -10% z i n c  a l l o y  s o l d e r  pad a p p l i e d  by 1 
u l t r a s o n i c  t echniques  t o  t h e  aluminum back was found t o  be accep tab le  
f o r  s o l d e r i n g  t a b s  d i r e c t l y  t o  t h e  aluminum back and i s  recommended. I 
i 
3.12.2 Work Performed 
A f r i t t e d  and n E r i t - f r e e  s i l v e r  p a s t e  were p r i n t e d  on t a p  of  t h c  
aluminum m e t a l l i z a t i o n .  Samples were exposed t o  1 0 0 %  humidity a t  
6 5 ' ~  f o r  7  days.  Both m a t e r i a l s  e x h i b i t e d  co r ros ion  produc ts  and 
peeled t o  some degree ,  wi th  t h e  f r i t - f r e e  m a t e r i a l  showing poorer  
adherence.  Zinc and indium a d d i t i v e s  t o  t h e  aluminum were t e s t e d .  
This  modi f ica t ion  d i d  not  improve t h e  co r ros ion  r e s i s t a n c e  of t h e  
aluminum-silver couple i n  humidity t e s t i n g .  The use  of a p rec ious  
metal  p a s t e  (TRS 3402 Pd-Ag) o f f e r e d  no adherence advantage over  
less expensive m a t e r i a l s  such a s  DuPont 7095. The use of a  h igh  
f r i t  p a s t e  such as TFS 3303 ( %  15% f r i t )  r e s u l t e d  i n  improved humid- 
i t y  to le rc l i~ce  wi th  a:r un fo r tuna t e  concur ren t  l o s s  i n  s o l d e r a b i l i t y .  
Tin and 909 t in-10% z inc  s o l d e r  pads were app l i ed  t o  t h e  aluminum 
back c o n t a c t  m e t a l l i z a t i o n  by u l t r a s o n i c  s o l d e r i n g  techniques .  
In t e r connec t s  of t i n  and l e a d - t i n  p l a t e d  copper mesh were so lde red  
t o  c e l l s  wi th  t h e s e  s o l d e r  pads. These i n t e r c o n n e c t s  were prc-  
p u l l e d  a t  90' t o  approximately 1000 grams, Table 3.12-1. The c e l l s  
wi th  i n t e r c o n n e c t  t h a t  d i d  no t  f a i l  dur ing  t h e  p re -pu l l  tes t  were 
sub jec t ed  t o  1 0 0 %  humidity a t  7e0c f o r  168 hours .  The c e l l  i n t e r -  
connects were then  re -pu l led  t o  f a i l u r e  (Table 3.12-1). These com- 
b ina t ions  demonstrated good adherence and t o l e r a n c e  t o  humidity.  
The t i n - z i n c  pads exper ienced a smal l  degree  of  co r ros ion  whereas 
t h e  +,in d i d  n o t  change du r ing  t h e  exposure.  
T a b l e  3.12-1 
BACK CONTACT METALLIZATION 
SOLDER TO ALUMIMUM P'
by U l t r a s o n i c  S o l d e r i n g  P a d  
C e l l  P r e - P u l l  T e s t  P u l l  T e s t  A f t e r  
No. 
- 
P a d  S o l d e r  -- Fl.ux (grams) Humid. (grams) 
1 S n  Pb-Sn a - 6 1 1  
I t  I1 11 
1550  1 3 7 5  
23  1050"  - 
24 I1 11 I t  
I1 II I1 
lOG0 1 6 0 0  
25  
11 I t  
1110  1 2 7 5  
26 I1 lOG0 1200  
3  Sn S n  o r g a n i c  
I1 I1 
1150* 
4  I1 
I1 I1 11 
750" 
5  
11 11 I1 
850* 
1 7  
II t l  I1 
980 
1 8  
I1 I1 
1130  
1 3  11 
II !I I1 
960 
20 1030  
6  Sn-.1Zn Pb-Sn 
I1 11 
cx-611 
I t  
1040  
3 2  
I1 I1 I1 
1 1 1 0  
3 3  
I1 II #I 
1 0 3 0  
34 






I1 II I1 
1050  
37  1 1 4  0  
8  Sn-.1Zn Pb-Sn o r g a n i c  800 
9 I1  II I t  
11 I1 I1 
1220  
1 0  1-0 0 0  
27 I1 II II 
11 I t  11 
1 0 4 0  
28 925 
29 I1 11 I1 960 
* F a i l u r e  by ce l l  b r e a k a g e  
3.1.3 PLASMA ETCHING 
3 .  L 3.1 Recommendations &.---- 
Plasma etc l l ing m e t a l l i z e d  s i l i c o n  s o l a r  c e l l s  wi th  SF6 a f t e r  removal 
of t h c  d i f f u s i o n  oxide was found t o  r e s u l t  i n  improved s o l a r  ccLL 
o l f c t r i c a l  performances. Consegucntly, i n c l u s i o n  of  t h i s  proccs- 
s i n g  technique i n t o  t h e  o v e r a l l  p rocess ing  sequence is  recommended. 
3.13.2 Work Performed 
_ I _ U - _ _ I  
Experimental work performed on plasma e t c h i n g  focused on: 
(1) Removal of t h e  d i f f u s i o n  ox ide  
( 2 )  Plasma e t ch ing  non-metall ized c e l l s  
( 3) Plasma e t c h i n g  completed c e l l s  
The work performed i n  each o f  t h e s e  a r e a s  i s  d i scussed  below. 
Di f fus ion  a x i d e  removal experiments were set up t o  e t c h  wafers  from 
30 seconds t o  7 minutes w i th  Freon 23 a t  a chamber p r e s s u r e  o r  
approximately 500 mtorr .  Etch temperatures  v a r i e d  from 2 5 ' ~  t o  
2 0 0 ~ 6 .  L i t t l e  o r  no removal of d i f f u s i o n  ox ides  'was seen a t  s h o r t  
( . 5  t o  3.5 min.) e t c h  t imes .  Seve ra l  samples showed oxide removal 
i n  and near  t h e  c e n t e r  i n d i c a t i n g  p o s s i b l e  non-uniformit ies  i n  d i f -  
fu s ion  oxide th i ckness .  A 3-7 minute Freon 2 3  plasma e t c h  r e s u l t e d  
i n  a  f l a k y  r e s idue  which r i n s e d  c l e a n  a f t e r  t r ea tmen t  wi th  a l coho l  
and wate r .  C e l l s  f a b r i c a t e d  from t h e s e  wafers  could no t  be t e s t e d  
because p r i n t e d  f r o n t  m e t a l l i z a t i o n  would no t  adhera .  
A comparison of e t c h i n g  c h a r a c t e r i s t i c s  was made of s u l f u r  hexa- 
f l u o r i d e  and Freon 1 4  + 8% oxygen by plasma e t c h i n g  non-metall ized 
s i l i c o n  s o l a r  c e l l s  a f t e r  removal of  t h e  d i f f u s i o n  ox ide .  An 
exces s ive ly  slow e t c h  r a t e  p r o h i b i t e d  examination of  Freon 1 4  with- 
o u t  02. Three groups of wafers  were f a b r i c a t e d  f o r  t h e  experiment. 
The f i r s t  group was P t ype ,  1-3 ohm-cm m a t e r i a l  t h a t  had on ly  bean 
given t h e  s tandard  30% NaOH s u r f a c e  e t c h .  These wafers  were kept  
a s  t h e  c o n t r o l s .  The second group of  wafers  w a s  a l s o  P type ,  1-3 
ohm-cm m a t e r i a l  t h a t  had only been given t h e  s t anda rd  30% NaOll 
s u r f a c e  e t c h .  These wafers  were kept  a s  t h e  c o n t r o l s .  The second 
group of  wafers  was a l s o  P type ,  1-3 ohm-cm m a t e r i a l  t h a t  had been 
given t h e  s tandard  s u r f a c e  e t c h ,  but  t h e s e  wafers  were plasma 
e tched  f o r  f i v e  and t e n  minutes i n  bo th  Freon 1 4  + 8% O 2  and SF6. 
The t h i r d  group of  wafers  was chemical ly  e tched  P t y p e ,  1-3 ohm-cm 
m a t e r i a l  t h a t  had been d i f f u s e d  wi th  phosphorus. These wafers  
were a l s o  e tched  f o r  f i v e  and t e n  minutes i n  bo th  Freon 1 4  + 8% O2 
and SF6. These samples were examined wi th  a scanning e l e c t r o n  
microscope and photos were taken  (F igu res  3.13-A - 3.13-E) . The 
b r i g h t l y  co lo red  s p o t s  appear ing on a l l  samples were shown t o  
con ta in  i r o n  by EDAX measurements. This  r e s i d u e  i s  a suspected 
co r ros ion  product  of t h e  plasma e t c h  p l a t e n .  Ca re fu l  examination 
of  a l l  sampLes showed t h e  i r o n  compound t o  be nonuniformly d i s t r i -  
buted over  t h e  samples. This  e x p l a i n s  t h e  absence of  contaminants 
on some p h ~ t o s .  
Comparisvn of bo th  d i f f u s e d  and non-diffused samples plasma 
etched wi th  SF6 o r  Freon 1 4  + 8% r e v e a l  d ramat ic  d i f f e r e n c e s .  
Most n o t a b l e  a r e  t h e  l a r g e  p i t s  on Freon 1 4  + 8% O2 e tched  
samples which do no t  appear on t h e  r e l a t i v e l y  smooth p o s t  SF6 
e tched  wafer su r f ace .  This  confirms susp ic ions  of p i t t i n g  r a i s e h  
from prev ious  experiments.  Phosphorus d i f f u s e d  samples e tched  
with  Freon 1 4  + 8% O2 and con tac t ed ,  d i sp l ayed  shunt  r e s i s t a n c e  
read ings  50% lower t han  those  measured from SF6 e tched  o r  c o n t r o l  
samples. 
F i g u r e  3.13-A 
P h o s p h o r u s  d i f f u s i o n  
o n  b o r o n  doped b a s e  
e t c h e d  1 0  min.  w i t h  
F r e o n  1 4  + 8Qt 0 2  a t  
26Oc. Vaq.  4000X 
F i g u r e  3.13-l3 
Boron doped  b a s e  
m a t e r i a l  e t c h e d  1 0  rnin. 
w i t h  F r e o n  1 4  + 8 %  0 2  
a t  26Oc. Mag. 4000X 
0RTf;h~'A.l~ PAGE IS 
WHIR Qt'Nm 
F i q u r e  3.13-C 
= n t  r o l  s amp le  s t a n d a r d  
b o r o n  doped base g i v e n  
30% NaOH s u r f a c e  e t c h .  
Mas. 4500X 
F i g u r e  3.13-D 
P h u s ~ h o r u s  d i f f u s i o n  
on b o r o n  doped  b a s e  
e t c h e d  10  min .  w i t h  
SF6 a t  26OC. 
Mas. 4000X 
F i g u r e  3.13-E 
Boron doped  b a s e  
m a t e r i a l -  e t z h e d  
10  min .  w i t h  SF6 
a t  26OC. 
Maq. 4500X 
Phosphorus d i f f u s e d  samples  e t c h e d  w i t h  Freon I n  C 8% €I2 a p p f \ a r  t o  
have l a r g e r  p i t s  t h a n  non-d i f fused  w a f e r s  ( F i g u r e  3.13-A). S u r f a c e  
damage dnd n e a r  s u r f a c e  phosphorus p r e c i p i t a t e s  formed d u r i n g  d i f -  
f u s i o n  may enhance plasma e t c h  p i t t i n g  a c t i o n .  P r e c i p i t a t e s  
removed d u r i n g  e t c h i n g  l e a v e  v o i d s  which may broaden and deepen 
w i t h  f u r t h e r  e t c h i n g .  
F u r t h e r  exper imenta l  e v a l u a t i o n  was performed i n  o r d e r  t o  de te rmine  
t h e  e f f e c t  o f  plasma e t c h i n g  completed cel ls  i n  SF6 o r  Freon 1 4  + 
88  02. A series o f  12 f i n i s h e d  c e l l s  were e t c h e d  i n  SF6 f o r  6 t o  
90 seconds .  S h o r t  c i r c u i t  c u r r e n t  and l o a d  p o i n t  c u r r e n t  (500 mV) 
measurements were t a k e n  b e f o r e  and a f t e r  each run .  The r e s u l t s  
showed maximum ce l l  performance improvement ( approx imate ly  1 2 % )  
a f t e r  a 60 second e t c h  ( F i g u r e  3.13-F) . The SF6 plasma e t c h  r a t e  
o f  (100) o r i e n t a t i o n  s i l i c o n  i s  900-100 a/min. T h i s  r a t e  was 
de termined by s t e p  e t c h i n q  and s t e p  measurement w i t h  a T a l y s u r f  
p r o f i l i o m e t e r .  When t h i s  exper iment  was r e p e a t e d  w i t h  Freon 1 4  + 
8% oxygen, improved s o l a r  c e l l  performance was a g a i n  ach ieved .  
S e v e r a l  mechanisms would accoun t  f o r  t h e  improved s o l a r  ce l l  p e r -  
formance a t t a i n e d  b y  plasma e t c h i n g  completed cel ls  i n  SF o r  6 
Freon 1 4  4- 8% oxygen. These mechanisms i n c l u d e  removal o f  l a t t i c e  
damage and phosphorus p r e c i p i t a t e s  ( t h e  s o - c a l l e d  dead l a y e r )  i n  
t h e  f i r s t  300-500 8 ,  j u n c t i o n  dep th  s h a l l o w i n g ,  and plasma induced 
s u r f a c e  p i t t i n g .  Removal o f  t h e  dead l a y e r  i s  an u n l i k e l y  exp lana-  
t i o n  f o r  c e l l  improvement, because  dead l a y e r  r ecombina t ion  
p r o c e s s e s  a r e  l i k e l y  t o  b e  r e p l a c e d  by s u r f a c e  recombina.tion 
p r o c e s s e s  a f t e r  500 2 o f  s i l i c o n  removal. Moreover, t h e  cel ls  t h a t  
showed t h e  g r e a t e s t  improvement had o v e r  1000 8 o f  m a t e r i a l  removed 
from t h e  f r o n t  s u r f a c e .  Plasma induced s u r f a c e  p i t t i n g  was a l s o  
an i n a d e q u a t e  e x p l a n a t i o n  f o r  t h e  Is, i n c r e a s e s  i n  t h e  SF6 exper iment  
because  SF6 does  n o t  p i t  t h e  s u r f a c e  of  t h e  wafe r .  J u n c t i o n  dep th  
sha l lowing  i s  a more l i k e l y  e x p l a n a t i o n ,  because  g r e a t e r  t h a n  1000 8 
Figure 3.13-F 
CHANGE OF SHORT CIRCUIT AND LOAD 
POINT CURRENT WITH PLASMA ETCHING 
I N  SULFUR HEXAFLUORIDE 
12/79 
ETCH T I M E  - SECOPJDS 
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o f  m a t e r i a l  was rt?niovad from t h e  f r o n t  surface a f t e r  plasma etch- 
ing.  S p e c t r a l  r a s y n n s c  incasurcmcnts pcrformcd bofoss and after 
plas~rin a t c h i n q  s u p p o r t  t h i s  hypcathcsis, The l a r g e s t  i l l c r e a s e  i n  
t h e  shor t  c i r c u i t  c u r r e n t  ri?sponsa i s  s a c n  a t  t h e  s h o r t  wave- 
l a n q t h s  ( ~ i y u r c  3.134). Data sca t tc r  a t  Isnyex wavolcllgths 
r o g u i r c s  further s p ~ c ~ r n l  rcsponso mcasuremcnts i n  order to obtain 
an unambiguous scsul. t, 
The perfs~rn~~nc-cx increases obscrvcd w i t 1 1  sullyhul: hexafluoridc 
support. y~.c?vious c*onc lus io l~s  iibout a Pi'l'csn 1 4  .t- 88 axyqcn atc la ing  
ntmtmyhtbrr?. R,11:l icr' 3 . t  had bci?n clctcrmined that about f i f t y  par- 
cent of t:lltl ce l l  improvcmcnt after Ptcl l ing witii  Freon 1 4  + 8% 
oxyqcn was a t - t r i b u t  ( ~ b l o  t,r.r A13 af'fccts. T h i s  was v c a i  f i cd  by 
r?tckin\r 501) c.rt.1 t h e  f rc~nt .  susf , lcc oU the s i l i c o n  so l a r  ce l l  
wJ,t21 bc,th Px'con 14 4- 88  oxyqcn anc9 sulpfiur  h c x a f l ~ 1 0 r i d e .  A 
f i S t c \ c ~ r ~  pr,!-t_.cnk anri s i x  paxcc3nt irnp~-ovanit;n",was seen w i t h  Freon 
1 4  4% 8% oxygen clllcl s u l p h u r  l h ~ ~ s ; t i l t ; l ~ ~ r i r l c ,  r ~ s p ~ c t i v e 1 y .  About 
11incl yerct>,.nt. of .kilt- .inipl~c.rvcmt~nt sccn w i t h  Frcon 1 4  -k 8% c. - gan 
was L ~ t t r i b u k c d  t,c) t h e  , intirci*Lcctivc c f  Eccts of p i t t i n g .  The 
p i k t i n q  was n o t  ns*.iccd w i t h  sulpizur hcxaf  lauridc . 

3.14 JUNCTION ISOLATION 
3.14.1 Recommendations 
J u n c t i o n  i s o l a t i o n  by l a s e r  s c r i b i n g  t h e  f r o n t  s u r f a c e  of  f i n i s h e d ,  
non-AR c o a t e d  s o l a r  cel ls  w ? , .  demonst ra ted  t o  be  a v i n b l c  p r o c e s s .  
I t  i s  therefore racolnmendsti t it t h i s  p r o c e s s  s t e p  b e  incorporated 
i n t o  t h c  o v e r a l l  p r o c e s s i n s  squence .  We reconuncnd s c x i b c  l i n e s  
6-7 m i l s  deep and 14 m i l s  wide. 
3.14.2 Work --- - Parformed -- 
The S p e c t r o l a b  b a s e l i n c  p r n c c s s  i n c l u d e s  l a s e r  s c r i b e  f o r  j u n c t i o n  
c leanup .  T h i s  may ba accomplished by s c r i b i n g  thc: back s i d e  t h e n  
b r e a k i n g  o r  s c r i b i n q  t h r ~ u g h  t h e  j u n c t i o n  from t h c  f r o n t  s i d e .  
To de te rmine  t h e  e f f e c t s  01' l a s e r  s c r i b i n g  on t h e  c e l l ' s  c h a r u c t c r -  
i s t i c s ,  w a f e r s  were P Z Q ~ C S S C ~  i n  accordance  w i t h  o u r  s t a n d a r d  
p r o c e s s ,  e x c e p t  t h e  wafc r s  were d i v i d e d  i n t o  two g roups  p r i o r  t o  
junc t ion  c l e a n i n g .  Tkc f i r s t  group was saw c u t  and c h e m i c a l l y  
e t c h e d  and t h e  second was l a s e r  s c r i b e d  from t h e  back and b r e a k i n g  
t h e  edge ,  run  4.29.9.  The r e s u l t s  of t h e s e  two g r o u p s ,  T a b l e  
j . 1 4 - 1 ,  were v e r y  s imi la r  i n l i c a t i n y  t h a t  laser s c r i b i n g  i s  an 
effective metshod oE j u n c t i o n  
To conf i rm t h e  r e s u l t s  of run  4 .29 .9 ,  w e  r a n  n s i m i l n r  g roup  o f  
w a f e r s ,  run  4 .32 .9 ,  Tab le  3.14-2. ( E i g h t  cells were saw c u t  and 
c h e m i c a l l y  e t c h e d  as a c o n t r o l  and t h e  remaining 2 5  ce l ls  were 
l n s c r  s c r i b e d . )  The r e s u l t s  were v e r y  encourag ing ;  t h e  saw c u t  
and c h e m i c a l l y  e tched  ccl ls  had an  a v e r s y e  e f f i c i e n c y  a£ 9 . 2 %  
( 1 2 . 4 8  w i t h  AR c o a t i n g )  f o r  6 o u t  o f  9  cc l l s .  L a s e r  s c r i b e d  cel ls  
had ;in a v e r a g e  e f f i c i e n c y  of 9.76 (12.9% w i t h  AR c o a t i n g )  f o r  25 
o u t  o f  25 cel ls .  The l a s e r  s c r i b e d  cel ls  p r o b a b l y  had a l a r g e r  
y i e l d  due to d e c r e a s e d  cell h a n d l i n g .  
Table 3.14-1 
Run 4.29.9 
P r e l i m j  n a r y  Comparison of Saw C u t t i n g  
w i t h  Chemical  E t c h  and L a s e r  S c r i b i n g  
NO AR c o a t i n g  (2.0 x 2 .0" )  
Averages  of 8 
voc Is, '500 Rs 
, ( 1 V  ) (M) (mA) (ohm) 
Saw Cu't 
Laser Scribe G O 1  
T a b l e  3.14-2 
R u n  4.32.9 
COMPARISON OF SAW CUTTING AND 
CHEMICAL ETCII AND LASER S C R I B I N G  
No AR Coat ing 
( 2 . 1 "  x 2 . 1 " )  
Saw c u t  
Average 602 644 498 1 3 . 1  
L a s e r  603 670 5 5 1  
Scribe 
11.7 
These i n i t i a l  f i n d i n g s  sugges t  t h a t  j unc t ion  clean-up through l a s e r  
s c r i b i n g  and breaking i s  equa l  t o  o r  b e t t e r  than  saw c u t t i n g  and 
edge e t c h  t r ea tmen t .  Iiswavcr, t h e r e  a r e  some problems a s s o c i a t e d  
wi th  t h i s  p rocess .  I f  we begin wi th  square  wafers ,  l a s e r  s c r i b i n g  
through t h e  A 1  (p+) l a y c r  produces s i l i c o n  waste .  A minimum of  
50  m i l s  rnay bc s u c c e s s f u l l y  c l savcd  from each edge. S t a r t i n g  wi th  
a  4 "  x 4 "  wafer ,  a  minimum 58 l o s s  of m a t e r i a l  i s  r e a l i z e d  i n  l a s e r  
scr ibint r  and c leav ing .  Junc t ion  i s o l a t i o n ,  by s c r i b i n g  a  shal low 
s t r e e t  a long t h e  f r o n t  edge of  a  f i n i s h e d  c e l l ,  would e l i m i n a t e  
damage and waste.  The shal low street may be l a s e r  s c r i b e d  a s  
c l o s e  a s  1 0  m i l s  t o  t h e  edge of t h e  c e l l ,  t h u s  decreas ing  t h e  
a c t i v e  a r e a  of a  4 "  x 4 "  c e l l  by on ly  1%. 
Junc t ion  i s o l a t i o n  by l a s e r  s c r i b i n g  from t h e  f r o n t  r equ i r ed  devcl-  
opmellt. T t  was be l i eved  t h a t  a  low power ou tpu t  (1-5 w a t t s ) ,  l a s e r  
beam is  needed t o  s c r i b e  a  shallow s t r e e t  t h a t  i s  f r e e  of t h e  
s i l i c o n  remelt mater ia l  which may cause  c u r r e n t  leakatye. I n  t h e  
p re sen t  r e sona to r  mode, TENO1, 10-15 w a t t s  average power a r e  
d e l i v e r e d  i n  a hollow cy l indr ica l ly -shaped  beam. Looked a t  i n  a 
c r o s s  s e c t i o n  t h e  beam s t r i k e s  t h e  s u b s t r a t e  a t  two p o i n t s  of 
g r e a t e s t  i n t e n s i t y .  Depending upon l a s e r  pu l se  frequency,  chuck 
speed,  and l a s e r  c u r r e n t  i n p u t ,  s i l i c o n  remelt m a t e r i a l  may b u i l d  
up. These v a r i a b l e s  c o n t r o l  l a s e r  d r i l l e d  ho le  ove r l ap ,  l a s e r  
k e r f  width ,  and l a s e r  s c r i b e  depth.  The i n t e r a c t i o n  of t h e s e  
v a r i a b l e s  can be desc r ibeq  by t h e  Q-fac tor .  The Q-fac tor  i s  equa l  
t o  t h e  product of ke r f  width ( m i l s )  and pu l se  frequency ( K H z )  
d iv ided  by chuck speed ( I P S ) .  S t  has  been s t a t e d  by t h e  l a s e r  
s c r i b e  manufacturer ,  Quantronix Corporat ion,  t h a t  m a t e r i a l  i s  
e j e c t e d  from t h e  k e r f  a t  an angle  of  45O t o  t h e  s u b s t r a t e  s u r f a c e  
wi th  l i t t l e  or no r e s i d u e  remaining i n  t h e  k e r f  a t  a Q- fac to r  of 3 .  
A t  Q- fac to r s  g r e a t e r  than 3 ,  m a t e r i a l  i s  e j e c t e d  a t  i n c r e a s i n g l y  
lower a n g l e s  t o  t h e  s u b s t r a t e  s u r f a c e  and some m a t e r i a l  i s  t r a p p e 5  
a s  a  s l a g  r e s idue .  A t  Q- fac to r s  less than  3 ,  l a s e r  d r i l l e d  h o l e s  
ove r l ap  i n s u f f i c i e n t l y  t o  form a  cont inuous k e r f .  A t  a  Q- fac to r  
o f  3 i n  the TEMOl mode, j unc t ion  damage may r e s u l t  from t h e  high 
power. I n  t h e  TBMOO re sona to r  mode a s o l i d  c y l i n d r i c a l  l i n e  beam 
s t r i k e s  t h e  s u b s t r a t e  a t  1-5 wa t t s .  A low power, p o i n t  focused 
beam may a l low completc evacua t ion  of  m a t e r i a l  wi th  no junc t ion  
damage. 
A s  p a r t  of an i n i t i a l  eva lua t ion  o f  t h e  s u i t a b i l i t y  o f  f r o n t  s i d e  
laser s c r i b i n g  f o r  junc t ion  i s o l a t i o n ,  twenty 2 . 1  x 2.1" cells 
were f a b r i c a t e d .  Shunt r e s i s t a n c e  measurements and I-V curves  
were taken  p r i o r  t o  l a s e r  s c r i b i n g ,  Chuck speed v a r i e d  from 8 t o  
1 0  i nches  p e r  second, laser c u r r e n t  i n p u t  was set a t  34 amps and 
p u l s e  frequency was set t o  ensu re  a  Q- fac to r  of 3 us ing  TEMO1. 
The c e l l s  were then  l a s c r  s c r i b e d  and a l l .  measurements r e t aken .  
Shor t  c i r c u i t  c u r r e n t  (Isc) measurcments d i d  no t  decrease ,  and 
open c i r c u i t  vo l t age  measurements decreased s l i g h t l y .  Microscopic 
i n s p e c t i o n  of  t h e  l a s c r  s c r i b e d  grooves showed s i g n i f i c a n t  remelt 
m a t e r i a l .  C ~ e l l  degl-adn.t.ion was e v i d e n t  from t h e  shapes of t h e  I -V  
curves  (F igu re  3.14-A). This  degrada t ion  appears  t o  be a s s o c i a t e d  
wi th  a  decreased shunt  r e s i s t a n c e .  The shunt  r e s i s t a n c e  measured 
by dark c u r r e n t  t echniques  d i d  no t  change. T h i s  would be  cons i s -  
t e n t  wi th  shunt ing  at t h e  laser s c r i b e  l i n e  which would be masked 
i n  t h e  dark  c u r r e n t  measurement by spread ing  r e s i s t a n c e  between 
t h e  g r i d  f i n g e r s  and s c r i b e  l i n e s .  
The work performed t h u s  Ear i n d i c a t e d  t h a t  j unc t ion  i s o l a t i o n  by 
s c r i b i n g  from t h e  f r o n t  i n  t h e  TEMOl r e s o n a t o r  mode i s  u n s u i t a b l e  
i n  agreement wi th  a  Quantronix a n a l y s i s .  A t  a  Q- fac to r  of 3 ,  
s i g n i f i c a n t  r e m e l t  m a t e r i a l  w a s  seen i n  t h e  l a s e r  s c r i b e d  channels .  
Th i s ,  and t h e  h igh  power l a s e r  beam, may have c o n t r i b u t e d  t o  c e l l  
power l o s s  a s  seen from the I-V curves .  

The laser s c r i b e r  a t  Spcc t ro l ab  was conver ted t o  t h e  TEMOO mode 
f o r  eva lua t ion .  Laser  ou tpu t  w a s  v a r i e d  between 3 and 7 w a t t s /  
cm2 and t h e  Q- fac to r  was v a r i e d  between 3000 and 9000 pu lses / inch .  
A laser c u t  was made between 5 and 10 m i l s  from each edge on t h e  
f r o n t  s i d e  of t h e  c e l l .  Cont ro l  c e l l s  were laser s c r i b e d  through 
t h e  A 1  (P+) back and c leaved.  Cur ren t  a t  500 mV (I500) and shunt  
r e s i s t a n c e  (Rsh) were p l o t t e d  as a func t ion  of Q-fac tor .  A family  
of curves  were produced - r e p r e s e n t i n g  l a s e r  power ou tpu t  l e v e l s  of  
3 ,  5, and 7 watts/cmL (F igure  3.14-B) . The b e s t  1500 and Rsh were 
2 
achieved a t  a  l a s e r  ou tpu t  7 watts/cm l e v e l o f  and a Q- fac to r  of 
3000 pu lses / inch .  This  r e p r e s e n t s  a non-AR coa ted  c e l l  e f f i c i e n c y  
o f  1 0 . 4 %  which w a s  equ iva l en t  t o  non-AR coa ted  c o n t r o l  c e l l s .  A 
maximum d e v i a t i o n  of 1 0 %  f ro~n  t h e  mean w a s  seen i n  1500 va lues .  
Rsh va lues  v a r i e d  by a s  much as 20% from t h e  mean. F ive  samples 
each were measured t o  gene ra t e  each d a t a  p o i n t .  Machine l i m i t a -  
t i o n s  prevented t h e  examination of  lower. Q-r 'actors and h ighe r  
power l e v e l s .  
Laser  c u t  i n t e g r i t y  was examined wi th  a scanning e l e c t r o n  micro- 
scope a s  a func t ion  of Q-factor and laser ou tpu t .  A c l e a n  con- 
t i nuous  c u t  was achieved a t  a Q-fac tor  of  3 ove r  a range of 3 t o  
7 watts/cm2 laser ou tpu t  (F igu re  3.14-C) . However, a  change from 
a Q-fac tor  of 3000 t o  7000 pu lses / inch  a t  7 watts/cm2 l a s e r  ou tpu t  
t o  c u r r e n t  leakage (F igure  3.14-D). A low l a s e r  ou tpu t  of 3 wat t s /  
cm2 and a high Q-factor of 7000 pu lses / inch  a l s o  produced non- 
opt imized groove c h a r a c t e r i s t i c s  ( F i g ~ r e  3.14-E) . 
Many f a c t o r s  c o n t r i b u t e  t o  l a s e r  c u t  i n t e g r i t y  and process  r e l i a h i l -  
i t y .  Laser  p u l s e  f l u c t u a t i o n s ,  l a s e r  beam s i z e  and shape,  and t h e  
o r i e n t a t i o n  of t h e  c e l l  s u r f a c e  w i th  r e s p e c t  t o  t h e  l a s e r  beam have 
been i d e n t i f i e d .  Machinery designed f o r  p r e c i s e  c o n t r o l  of  t h e s e  
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A beam monitor dev i se  i s  a v a i l a b l e  which w i l l  enab le  p r e c i s e  
adjustment  of l a s e r  pu l se  ampli tude t o  w i t h i n  5% d e v i a t i o n .  Other  
undes i r ab l e  beam c h a r a c t e r i s t i c s  may be d e t e c t e d  and e l imina t ed  
wi th  t h i s  device .  
A second harmonic gene ra to r  i s  a l s o  a v a i l a b l e  which conver t s  t h e  
wavelength of t h e  l a s c r  emission from 1.06 p t o  0.53 IJ .  The S i  
abso rp t ion  c o e f f i c i e n t  ( a  S i )  a t  0.53 p i s  100 t i n e s  t h a t  of 1.06 11 
l i g h t .  T h e ~ z f n r e ,  a  f a r  g r e a t e r  p o r t i o n  of 0 .53  l i g h t  i s  absorbed 
i n  t h e  nea r  s u r f a c e  region than t h a t  1.06 IJ.  U s e  of a 0.53 lase:  
should g i v e  rise t o  complete evacua t ion  of  s i l i c o n  from t h e  l a s e r  
s c r i b e  groove which would minimize c u r r e n t  leakage p a t h s  and 
improve process r e l i a b i l i t y .  
A number of c e l l s  were s e n t  t o  Quant ron ix  i n  an a t tempt  t o  l a s e r  
s c r i b e  cells through t h e  f r o n t  j unc t ion  us ing  t h e  second harmonic 
of t h e  neodyrniurn yay l a s e r  ( 0 . 5 3  llm) . The r e s u l t s  of t h i s  exper i -  
ment, Table  3.14-3, i n d i c a t e  t h a t  t h i s  t echnique  i s  accep tab le  
f o r  junc t ion  i s o l a t i o n .  I t  was be l i eved  t h a t  us ing  t h e  neodimium 
yag lascr s c r i l ~ c r  in t h e  second harmonic (0 .53 u m )  t o  s c r i b e  t h e  
f r o n t  junct ion would be a low c o s t  p rocess  of  i s o l a t i n g  t h e  junc- 
t ion. 
To v e r i f y  t h a t  l a s e r  s c r i b i n g  through t h e  f r o n t  j unc t ion  is  an 
accep tab le  p roces s ,  add i t iona l .  c e l l s  were shipped t o  Quantronix.  
Control  c e l l s  were processed i n  accordance wi th  ou r  s t anda rd  
process  sequence except no AR c o a t i n g  was a p p l i e d ,  r e s u l t s  given 
i n  Tab le  3.14-4. T h e c e l l s u n d e r  i n v e s t i g a t i o n  w e r e  l a s e r  s c r i b e d  
i n t o  squares  p r i o r  t o  s u r f a c e  p r e p a r a t i o n  and were processed 
similar t o  t h e  c o n t r o l s  except  f o r  t h e  l a s e r  s c r i b i n g  p roces s ,  
r e s u l t s  given i n  Table 3.14-5. It can e a s i l y  be seen from t h i s  
da t a  t h a t  t h e  c e l l s  which were s e n t  t o  Quantronix have a s e r i o u s  
shunt ing problem, which i s  d i r e c t l y  a s s o c i a t e d  wi th  l a s e r  s c r i b i n g  
from t h e  f r o n t  s u r f a c e  through t h e  junc t ion .  Although t h e  l a s e r  
Table 3.14-3 
LASER SCRIBEI:13 TEIl?OUGII FRQNT JUNCTION 
(No AR Coating) 
LASER SCRIBED CELLS 
Controls - Laser Scribed from Back of Cell and Cleaved 
Average 601,.9 6 8 4 . 5  628 .9  44 .09  
Table 3.14-5 
LASER SCRIBED CELLS 
Laser  Scr ibed  through Front  Junc t ion  
601.1/1.4 712.6/5.4 611.6/17.6 
*Cell Not t aken  i n t o  average 
s c r i b i n g  dcgmda t ion  was on ly  2 % ,  a d d i t i o n a l  i n v e s t i g a t i o n s  need 
to be conductod i n  o r d e r  t o  i d e n t i f y  t h e  proper  method of l a s e r  
s c r i b i n g  Prom t h e  f r o n t  t o  i s o l a t e  the junc t ion .  
3.15 AR COATING 
3.15.1 Recommendations 
Experimental, i n v e s t i g a t i o n s  were performed t o  determine t h e  s u i t -  
a b i l i t y  of  t h e  t i t a n i u m  isopropoxide AR c o a t i n g  s o l u t i o n  developed 
by RCA on 30% NaOH e tched ,  ' tpillowed't  wafer s u r f a c e s .  Due t o  
spray-on equipment contamination problems encountered a t  Sensor 
Technology, I n c . ,  exper imental  work was unable t o  reach  completion. 
I t  i s  recommended t h a t  work i n  t h i s  a r e a  should cont inue  when 
in-house spray-on equipment i s  a v a i l a b l e  a t  Spec t ro l ab ,  Inc .  
3.15.2 Work Performed 
Spray-on and spin-on AR c o a t i n g  methods w e r e  i n v e s t i g a t e d  wi th  
t i t a n i u m  S i l i c a  Film obta ined  from Emulsitone Corporat ion.  
A hand-held Padsche Airbrush proved i m p r a c t i c a l ,  
- 
n e c e s s i t a t i n g  
t h e  use  of an automat ic  spray  system. G r i d l i n e  shadowing e f f e c t s  
prevented uniform s p i n  a p p l i c a t i o n  t o  f i n i s h e d  c e l l s ,  b u t  T i S i  
Film 'C" w a s  a b l e  t o  be homogenously spun-on t o  wafers  wi th  a  30% 
NaOH s u r f a c e  p repa ra t ion  p r i o r  t o  g r i d l i n e  p r i n t i n g .  This  sug- 
ges t ed  p o s s i b l e  spin-dry-print-dry-cofire process  sequence f o r  
s c r een  p r i n t e d  m e t a l l i z a t i o n  and AR coa t .  
F ive  drops  o f  T i S i  Film "C" were spun a t  3000 RPM on to  wafers  
which had been e t ched  i n  30% NaOH. The sample was sepa ra t ed  
i n t o  two l o t s  which w e r e  d r i e d  a t  1 5 0 ~ ~  and 2 0 0 ~ ~  f o r  15 minutes .  
A f r o n t  con tac t  was t hen  sc reen-pr in ted  and d r i e d  a t  1 2 5 O ~  f o r  
15  minutes.  Each l o t  was s epa ra t ed  i n t o  f o u r  groups,  and t h e  AR 
coa t  and m e t a l l i z a t i o n  were c o f i r e d  a t  7 0 0 ~ ~  f o r  30 s e c . ,  45 sec., 
60 s e c . ,  and 75 sec .  Conclusions w e r e  d i f f i c u l t  t o  draw due t o  
t h e  wide s c a t t e r i n g  of  d a t a  (Table 3.15-1) . 
Table 3.15-1 




1 5 0 ~ ~  Bake
30 Sec. Sinter 
2 0 0 ~ ~  Bake
30 Sec. Sinter 
A second experiment was dev ised  which involved varying t h e  dry ing  
t i m e  a t  a  cons t an t  temperature  and a l s o  t h e  s p i n  v e l o c i t i e s  around 
va lues  used i n  t h e  previous  experiment.  The f i r i n g  schedule  was 
30 seconds a t  7 0 0 ~ ~ .  The s h o r t  c i r c u i t  c u r r e n t  (Isc) inc reased  
wi th  decreas ing  s p i n  v e l o c i t y ,  peaking a t  t h e  s lowes t  s p i n  v e l o c i t y .  
C e l l  c h a r a c t e r i s t i c s  d i d  no t  vary wi th  dry ing  t i m e .  Resu l t s  a r e  
summarized i n  Table 3.15-2. T h i s  p roces s  con f igu ra t ion  i s  n o t  
accep tab le  because of t h e  high series r e s i s t a n c e .  
Spin-on d i f f i c u l t i e s  prompted t h e  i n v e s t i g a t i o n  of  spray-on AR 
sources  wi th  an Advanced Concepts spray  system us ing  equipment 
a t  Sensor Technology, Inc .  The Advanced Concepts spray  system 
c o n s i s t s  of a  spray  chamber followed by a  convect ion hea t ing  oven 
and i n f r a r e d  furnace.  A r e c i p r o c a t i n g  spray  head moving back and 
f o r t h  a c r o s s  t h e  sample d e p o s i t s  an atomized m i s t .  Spray para -  
meters inc lude  conveyor v e l o c i t y ,  r e c i p r o c a t o r  v e l o c i t y ,  atomiza- 
t i o n  p r e s s u r e  and t h e  flow r a t e  o f  Lhe l i y l ~ i d  m a t e r i a l  being 
app l i ed .  
A t t en t ion  w a s  a l s o  s h i f t e d  t o  a  t i t a n i u m  i sspropoxide  AR c o a t i n g  
s o l u t i o n  developed by RCA, shown by them t o  have t h e  c a p a b i l i t y  
of  35% e f f i c i e n c y  enhancement ( s l i g h t l y  b e t t e r  t han  they  observed 
wi th  T i S i  f i l m  "C") . A f t e r  much exper imenta t ion  a uniform blue- 
v i o l e t  AR c o a t  was app l i ed  t o  wafers  e t ched  w i t h  30% NaOH. 
Square c e l l s  o r i e n t e d  wi th  g r i d l i n e s  p a r a l l e l  t o , a n d  c e n t e r  ohmic 
perpendicu la r  t o r t h e  r e c i p r o c a t o r  motion were coated and d r i e d  
wi th  t h e  r e s u l t s  summarized i n  Table  3.15-3. The s u r f a c e  appeared 
speckled wi th  l i g h t  co lored  s t r i p s  1/16'' wide running t h e  l e n g t h  
of t h e  t r a i l i n g  edge of  each g r i d l i n e .  
Seve ra l  JFL c o n t r a c t o r s  have r epo r t ed  t h a t  t h e y  were s u c c e s s f u l  
i n  applying spray-on AR coa t ings  t o  po l i shed  s i l i c o n  wafer 
Table 3.15-2 
Effect of Drying Time and Spin Rate of AR Coating 
Application - Cofiring of AR Coat and 
Front Metal Contact 
Control 608 535 
1 - 200°, 10 rnin. dry 
2 - 200°, 20 min. dry 
3 - 200°, 50 min. dry 
R - 2000 R P M  spin 
B - 2500 RPM spin 
C - 3000 RPM spin 
D - 3500 RPM spin 
E - 4000 RPM spin 
Table  3.15-3 
I N I T I A L  EVALITATION OF EFFICACY OF 
SPRAYED ON TITANIUM ISO-PROPOXIDE AR COATING 
Average 
Before AR 492 (3.1' '  x 2 . 1 "  
sq .  c e l l s )  
Average 
A f t e r  A 3  609 8 4 6  689 
Average Inc rease :  ISc 26%, high of 31% 
Average Incrcnsc :  253,  h igh of 31: 
Spray pal-amct,ers were a s  f o l l o c ~ s  : 
--source flow r a t e  10 mil/mfn. 
--atomization p re s su re  30-35 p s i  
- - rec iproca tor  v e l o c i t y  90  CPM 
--convcyor v e l o c i t y  2 f t . /min.  
- - rec iproca tor  he igh t  
from s u b s t r a t e  6 i n .  
- - o r i f i c e  s i z e  1 2  m i l  
s u r f a c e s .  Work was i n i t i a t e d  t o  determine t h e  s u i t a b i l i t y  of  
us ing  a spray-on AR coa t ing  i n  conjunc t ion  wi th  30% NaOH e tched ,  
" p i l l ~ w e d , ' ~  wafer s u r f a c e s .  Experiments were again  performed 
wi th  Advanced Concepts spray  equipment a t  Sensor Technology, Inc .  
Coat ing un i formi ty  was optimized by p rope r ly  a d j u s t i n g  spray  
parameters .  A f t e r  ex t ens ive  exper imenta t ion ,  spray  parameters  
were f i x e d  a s  fol lows:  
Source flow r a t e  1 0  cc/min. 
Atomization p re s su re  4 0  p s i  
Reciprocat ion v e l o c i t y  90 CPM 
Conveyor v e l o c i t y  2 f t . /min ,  
Nozzle he igh t  from s u b s t r a t e  6 i n .  
Nozzle o r i f i c e  s i z e  10 m i l s  
Average e l e c t r i c a l  performances of  c e l l s  sp ray  coa ted  a t  t h e s e  
parameter va lues  were a s  fol lows:  
Before 591.6 707.8 597.0 (Average o f  5 samples) 
A f t e r  592.0 910.0 710.0 
0 These wafers  were processed i n  an I R  fu rnace  peaking 250 C followed 
by a 60-90 second 2 0 0 ~ ~  ho t  p l a t e  bake-out, a  two-step bake-out of 
70°, f o r  1 0  seconds and 2 0 0 ~ ~  f o r  3 minutes .  A spray-coated c e l l  
viewed through an o p t i c a l  microscope was c h a r a c t e r i z e d  by p inholes .  
The sp ray  coverage was s u s c e p t i b l e  t o  p inho le s  because t h e  AR source  
most l i k e l y  f lows  between p i l l o w s ,  exposing t h e  h i g h e s t  s u r f a c e s .  
Proper  source  a tomiza t ion  must be mainta ined t o  ensure  uniform cover- 
age and prevent  source  flow. In spec t ion  o f  t h e  spray  system by an 
Advanced Concepts engineer  r evea l ed  problems i n  t h e  nozz l e  head 
appa ra tus  which prevented proper  AR source  a tomiza t ion .  
Further cxpcrimental investigations were unable to continue due 
to ongoing contamination problems with the spray system at Sensor 
Technology, Inc. 
3.16 SUPERSTRATE 
3.16.1 -. Recommendations 
We recommend t h e  use  of a g l a s s  s u p e r s t r a t e  s t r u c t u r e  on t h e  b a s i s  
of  c u r r e n t  knowledge regard ing  w e a t h e r a b i l i t y  of polymeric mater- 
i a l s .  Although t h e r e  a r e  some p o s s i b l e  s u b s t r a t e  m a t e r i a l s  such 
a s  p a r t i c l e  board a v a i l a b l e  a t  lower c o s t  than  g l a s s ,  t h e  s u b s t r a t e  
s t r u c t u r e  p u t s  a t h i n  l a y e r  of polymeric encapsu lan t  i n  t h e  pos i -  
t i o n  of most s e v e r s  exposure t o  weathering.  
Based on r e c e n t  c o s t  q u o t a t i o n s  f o r  l a r g e  volume purchases  of 
g l a s s  t h e  use o f  water  c l e a r  (low i r o n  c o n t e n t )  g l a s s  such a s  A5G 
I n d u s t r i e s  SUNADE @ having low abso rp t ion  c o e f f i c i e n t  i s  c o s t  e f f ec -  
t i v e  when average c o s t s  a r e  g r e a t e r  t h z z  $1.09/watt (1975) .  
Spec t ro l ab  b e l i e v e s  t h a t  t h e  c u r r e n t l y  a v a i l a b l e  technology f o r  
AR c o a t i n g  g l a s s  ( s e l e c t i v e  e t c h i n g  by f l u o s i l i c i c  a c i d  and 
format ion of S i02  from sodium s i l i c a t e )  i s  n o t  s u f f i c i e n t l y  w e l l  
developed a t  t h e  p re sen t  t ime f o r  i n c l u s i o n  i n  a  low c o s t ,  h igh  
volume product ion process  sequence. The b e n e f i t s  t o  be r,ained 
( i n  increased  module convers ion e f f i c i e n c y )  a r e  s u f f i c i e n t l y  l a r g e  
t h a t  f u r t h e r  e f f o r t  t o  develop t h e s e  processes  o r  some o t h e r  p roces s  
such a s  CVD i s  warranted.  
3.16.2 Work Per f  armed 
A 16 c e l l  laminated module w a s  adapted f o r  e v a l u a t i o n  of l i g h t  
t r ansmis s ion  p r o p e r t i e s .  The m a t e r i a l  t o  be t e s t e d  i s  placed on 
t h e  g l a s s  f a c e p l a t e  of t h e  laminated module. Cyclohexane ( index  
of  r e f r a c t i o n  = 1.42662) i s  used a s  an o p t i c a l  coupl ing  agent  t o  
minimize r e f l e c t i o n s  a t  t h e  i n t e r f a c e  between t h e  t e s t  m a t e r i a l  
and t h e  g l a s s  module f ace .  The cur ren t -vo l tage  curve i s  measured 
i n  a  s o l a r  s imu la to r  w i th  and wi thout  t h e  tes t  specimen i n  posi -  
t i o n .  The combined e f f e c t  of  t e s t  m a t e r i a l  absorp t ion  and d i f f e r -  
ence i n  t h e  r e f l e c t i o n  between t h e  t e s t  abso rp t ion  and d i f f e r e n c e  
i n  t h e  r e f l e c t i o n  between t h e  tes t  m a t e r i a l  and g l a s s  module s u r f a c e  
can be i n f e r r e d  from t h e  observed s h o r t  c i r c u i t  c u r r e n t .  
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Samples s f  double s t r e n g t h  (0.125 inch )  low i r o n  con ten t  s h e e t  
g l a s s  (LO-IROR and water  c l e a r  (SUNADER g l a s s  ob ta ined  from 
ASG I n d u s t r i e s  Inc.  were t e s t e d  i n  t h i s  equipment. These g l a s s e s  
a r e  s p e c i f i e d  by t h e  manufacturer  t o  have nominal i r o n  con ten t s  
of 0.05% and 0 .01% r e s p e c t i v e l y .  Observed va lues  of  s h o r t  c i r -  
c u i t  c u r r e n t  and c u r r e n t  a t  a t e s t  v o l t a g e  of 7.2 v o l t s  a r e  
r epo r t ed  i n  Table  3.16-1. S ince  i n  ) ;his  ca se  t h e  t e a t  samples a r e  
g l a s s ,  t h e  d i f f e r e n c e  i n  r e f l e c t i o n  w i l l  be zero t o  a  f i r s t  
approximation. The observed e f f e c t s  a r e  t h e r e f o r e  a l l  a t t r i b u t -  
a b l e  t o  absorp t ion .  Although n o t  measured i n  t h i s  experiment,  we 
have observed t h a t  o rd ina ry  f l o a t  g l a s s  ( i r o n  con ten t  0.128) 
causes  a  r educ t ion  i n  ou tpu t  of t h e  tes t  module of  6  t o  12 percen t .  
W e  have rece ived  quotes  f o r  l a r g e  q u a n t i t i e s  of s U N A D E P  and 
LO-IRO@and f l o a t  g l a s s  from ASG I n d u s t r i e s  which a r e  given i n  
Table  3.16-2. Using t h i s  c o s t  d a t a  and t h e  t ransmiss ion  d a t a  from 
Table  3.16-1 one can estimate t h e  r e l a t i v e  c o s t  e f f e c t i v e n e s s  of 
t h e s e  two g l a s s e s .  Assuming a  module e f f i c i e n c y  of 12% wi th  t h e  
use  of LO-IROP g l a s s ,  t h e  2% inc rease  i n  ou tpu t  ( a t  load)  w i th  
s U N A D E @ ~ ~ ~ S S  would r e s u l t  i n  module power i n c r e a s i n g  from 11.15 
w a t t s  pe r  square  f o o t  t o  11.37 w a t t s  per  square  f o o t .  The i n c r e a s e  
of 0 - 2 2  watts would c o s t  $1.09 p e r  w a t t  ($0.69-0.45) 0 . 2 2 ) .  
@ Thus under t h e  assumed cond i t i ons ,  use  of SUNADE g l a s s  would be 
c o s t  e f f e c t i v e  only  i f  t h e  b a s e l i n e  module c o s t  exceeds $ 1 . 0 9  p e r  
w a t t .  
A f t e r  t h i s  eva lua t ion  was completed t h e  LO-IRO @ g l a s s  became 
unava i l ab l e .  Assuming t h e  l o s s  due t o  abso rp t ion  i n  f l o a t  g l a s s  
t o  be  6% one can e s t i m a t e  t h e  b a s e l i n e  module c o s t  above which 
t h e  SUNADEP type  g l a s s  would be c o s t  e f f e c t i v e .  I n  t h i s  ca se  
t h e  power d i f f e r e n t i a l  p e r  module would be 0 . 6 2  w a t t s  per  square  
f o o t  (11.37 x (-060-.0052)) .  The c o s t  a s s o c i a t e d  wi th  t h i s  d i f -  
f e r e n t i a l  would be $0.353 (($0.69-$0.47) 5 .62) f o r  1/8 i nch  
t h i c k  g l a s s .  Thus f o r  t h i s  combination t h e  use  of SUNADE@ 
g l a s s  would be c o s t  e f f e c t i v e  i f  t h e  b a s e l i n e  module c o s t  exceeds 
$0.353 p e r  square  f o o t .  
Table  3.16-1 
Transmission Measurements of 1/8" t h i c k  SUN AD EX^. 
g l a s s  and LO-IRON"" s h e e t  g l a s s  u s ing  16 c e l l  s o l a r  
c i r c u i t  t es t  pane ls .  
T e s t  Panel 
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Tlip si.Ibt;ctivtl t - t c l l i~ l c~  propt>r.t:it.s o f  tllc ni-ill solut iol l  Bopc>r,d 
v r i t i t . n l , Iy  on tht3 s i  l i i*a  s s u ~ ~ l ~ ~ ~ s , ~ k ~ r r t , i o n ,  a11 ? s s t ~ ~ l P i  a1l.y unstablt l  
conil i t ion.  WQ tlo 1106 b c l i t ~ v c  t h i s  proot>ss w i l l  hc an c~FEeivtivc, 
cant-x-t~llnhlil pl-otl\~c~tion pl-occss be~c-n\~sc> of .t-lw sollt\it.ion i n s t a -  
bi ld, t  y .  
A~lotllt~l' ~ ~ ~ ~ o r c ~ s ' i l :  i'i)~' fi~1'111inq ant. i , x ' c > ' t ' l ~ t t - t  ivt> s o a t  inry!; on qllaws Li s 
thih clt~vt\lapmont of ,311 SiO. ,  Inyt>r by ncitl 11artlt.ninq O F  n f i l n ~  c.rF 
A, 
sotiium ni l i t la t t>  (tv,\t'c\l' t i  LASS) i 1 1  , ~ t ~ u t ~ o u s  s o i u t  i o n .  "Zhi:; process  
113s; btht>rl invt>s t i L T ~ I ~ C ~ C ~  h y  flt)tc?re)lqrl .(') In t h r i r  work t11c sodjunl 
s i l i ca  t t \  s;i~l.uC..i.c~n was npljl it>tl hy  ll11cl.i-oreai s t s&>inninq tc\chniclut.s, 
Tlltl f i  IN:: pl-a~iuctltl tgt.rt3 Irlss 1.f f i ~ c q t i v t ~  halx 31-it1 t>t cilt~c3 f i l m s ,  
wi C.11 ~rt\ ,~h;  tt.tulsrui x s  i i x ~  lnswt~s  of ; l~~pr ' r~ximn~tcIy 1% pthr s idtl . 
Wp Ilnvv t>v;ll\i,+itt>tl tqont.ixlqs t 'c~rn~t?ci  Prom w ; t t t > r  q lnss  f i l m s  applirci  
by tlipllirlcr i n t o  t i le3  s t>lukion ;Inel, i n  rrcmcl-,~l, ~ e ~ ~ i f i t x l  the blotorola 
obscrv,~i  ons r:t\irrird.i 11:~ t ransmi ssi.on. ISf fec:.t-ivc~lcss 3.x.f' tlio cont- 
i r l r r s  i  :: st ronyl y ~ i ~ p t ~ r ~ t l ~ \ n  t. on \mi  fox-nli t y . '(.It> ilnvt> ron~*lurl t~li  t lint 
thcl ~ ~ o c - ~ ~ s s  i s 11t-k <~~lclcp~,it t. l y  r . l t \ ~ ~ t l  I t>ptsti ti? hnnAlt\ I rlr-cyt> jr,111t: 1s t~ t' 
y[ln:?s, mt)l'tbt~vc.l- t hch c f E t ) i - t ' i ~ t s s  Lt\k~vt>s som~~th i r lq  to bt> dc>sircd. 
B t > c - , ~ \ ~ s t \  r > f  t.l~t\t;t> c-onsidt>r,~t 1 ~ 7 1 1 s ,  we t-t>ccxtu\\t>n~3. l t ~ l r \ t i o n  of t h i s  
s tc l i  i11 i-llt. plSotlt\ss ~ t . ~ c ~ u t l n i * ~  Ei7 r  t'htl prt\st>nt , ~ I O W C ~ V ~ > I * ,  I\~Q C O I ~ S ~ C ~ C Z L ~ C ~  
thnt the\ ~ lc~ t . t>~ '~Ci i \ l  imprc?trt~n\t\llt' i n  rnnrltilt. t> f f i~ - i t>ncy  is RCI i ~ ~ ' t \ c ? t  
t h a t  P\ttS.t i1t.r t x f  for-t-s s l~oul t l  btl r!latltl ti? 11tlvt.ltjp :1 s u i t  ,rbllt. px.l-~coss. 
Ki>f l tv t  ivt3 Xt~sse~s f r im t j laas ~ovt.>r p:\nels .imaunt to absu t  4 % .  
Assumincy (i ncrdulc p~-ic-t> $0. f i O  1lt.r w a t t  c ~ k l c l  s i~iodulo oFff-'i(yit?nuy of 
1 2 8 ,  c l in l inn t iun  of* Phis  loss  wtluld hc worth n h o u t  $ 2 . 4 0  pol- square  
~ n ~ t t l r .  
Chcnlical ly vapor  cicyosi ted (CVD) coa t i r lgs  of s i l i c o n  d i o x i d e  
and s t n n n i s  o x i d e  wcre a p p l i e d  t o  g l a s s  p a n e l s  by Watkins and 
Johnson Company. N ~ m i n a l  c o a t i n g  t h i c k n e s s e s  were 800, 1000 
and 1200 8. S p c r t r a l  l i g h t  t r a n s m i s s i o n  i n  t h e  300 8 t o  
L 0 , O O O  2 wavelength rnngc w c r r ?  mcasurad on each specimerl and on 
an uncoated  g l a s s  c o n t r o l  u s i n q  a  Bcckman DK-2A s p c c t r o p h o t o m c t c r .  
The r e s u l t s  showed c s s c n t i n l l y  t h e  same p n t t c r n  f o r  a l l  t h c  s i l i -  
con tii.oxiclc, csntcd s p c c i m ~ n s  , Comparison t o  the c o n t r o l  i n d i c a t e d  
a p p r n x i m i l t ~ l y  n 3: i n o r e , ~ s o  i n  t r a n s m i s s i o n  a t  10,000 8 dt lcrcas ing  
t u  I c s s  t h a n  l':, at 5000 X dnd on o u t  i n t o  the u l t r a v i o l c ? t .  
The s t n n n i c  oxir is  coa.t.cc1 spccimcns sllowcd t r a n s m i s s i o n  peaks  a t  
about  7750 X f o r  the 1200 c o a t i n g ,  5750 R f o r  1000 R ,  and 
5300 X f o r  800 a .  Thcsc p ~ - o b s b l y  c o n s t i t u t e  q u a r t e r  wavelength 
a n t i r c f l c c t i o n  pe'lks. IIowevcl-, t h e  t h r e e  s t a n n i e  uxidc-coated  
specimens n l  1 sliowc~i g e n e r a l l y  p o o w r  t r a n s m i s s i o n  t h a n  t h e  can-  
t r o l  due t o  t h e  unfavovnblc  index  of r e f r a c t i o n .  The 1200 # 
c o a t i n g  showed about. a one p c r c e n t  improvement over t h e  c o n t r o l  
i n  t h e  imnlediate r c g i o n  of i t s  peak ,  but a l l  o t h e r  r e g i o n s  werc 
s i g n i f i c a n t l y  below t h e  c o n t r o l .  T ransmiss ion  of t h e  o t h e r  
s t a n n i c  o x i d e  z o n t i n y s  d i d  n ~ t  exceed t h a t  of t h e  c o n t r o l  sample 
anywhere i n  t h e  munsure~3 r e g i o n .  
No s u i t a b l e  adhcsivc  f o r  bonding c e l l s  t o  t h e  g l a s s  s txpers t ra te  
was found except  si1ic:oncs. The h igh  c o s t  of t h e s e  m a t e r i a l s  
renders  khcm u n a t t r a c t i v e  f o r  use  i n  low cos t  modulcs. T h i s  i s  
r e i n f o r c e d  by t h e  f a c t  t h a t  t h e  rise of a  s i l i c o n e  adhesive  would 
make a p p l i c a t i o n  of polymeric back c o a t i n g s  o t h e r  than s i l i c o n e s  
d i f f i c u l t ,  i f  not  impossible. Because of t h e s e  c o s t  pr'sblems w e  
reconm~end t h a t  t h e  bonding and coa t ing  process  sequence f o r  module 
asscmbly be set a s i d e  and lamina t ing  techniques  us ing  p s l y v i n y l  
b u t y r a l  o r  c thyleni?  v i n y l  a c e t a t e  be s u b s t i t u t e d .  
Various cand ida t e  m a t e r i a l s  f o r  t h e  pro tec t . ivc  back c o a t i n g  have 
been considered.  Wc recommend t h a t  f u r t h e r  work i n  t h i s  method 
of  encapsu la t ion  be d i scont inued .  
3.17.2 Work Performed 
--
A v a r i e t y  of  m a t e r i a l s  was considered for c e l l  bonding. Products  
which were procured and eva lua t ed  a r e  l i s t e d  i n  Table 3.17-1. 
Bondinq Method 
Pre l iminary  c e l l  bondiny experinlents showed some problem a r e a s  
i n  t h i s  ope ra t ion .  These inc luded  r o l a t i v e  displacement  between 
c e l l s  and s u p e r s t r a t e  because of s l i d i n g  a t  t h e  g lue  l i n e  be fo re  
t h e  adhesive  s e t ,  c r eep ing  of  adhesive  around t h e  edge of  c e l l s  
on to  u n b ~ n d e d  back s u r f a c e s ,  and bubble entrapment i n  t h e  g lue  
l i n e .  
The c c l l - g l a s s  displacement  problem r e f l e c t s  t h e  d i f f i c u l t y  i n  
ho ld ing  i n d i v i d u a l  c e l l s  i n  p l a c e  du r ing  assembly and c u r e  oper- 
a t i o n s .  This  i s  expectad t o  be l e s s  o f  a  problem i n  an automated 
system which could be  designed wi th  i n d i v i d u a l  c e l l  ho ld ing  dev ices .  
.rl .rl .rl .ri *r l  -4 u 
t o a  to to m  m  m  t o a c  a, c: 
t o a , m m m m m a , a , r d ~ a , o  
.A a .A .A .& .& .& LI a +J c1 .A rl 
a, m a ,  
k m k  
3 .rl 7 1 
UJ E m  
0 m o  
G G P I  
X rrlx 














Adhesive c r eep ing  around on to  c e l l  back s u r f a c ~ s  appeared t o  be 
mainly t h e  r e s u l t  of  c a p i l l a r y  a c t i o n .  The use of a f l a t  p r e s su re  
p l a t e  t o  hold  t h e  c e l l s  down a g a i n s t  t h e  g l a s s  r e s u l t e d  i n  t h e  
two s u r f a c e s ,  g l a s s  and p re s su re  p l a t e ,  s o  c l o s e  t o g e t h e r  t h a t  
any adhesive  squeezed from t h e  g l a s s - c e l l  bond l i n e  f i l l e d  t h e  
space around t h e  ce2.l per iphery  and was drawn i n t o  t h e  c e l l - p r e s s u r e  
p l a t e  i n t e r f a c e  by c a p i l l a r y  a c t i o n .  Therefore ,  assembly procedures  
p rov id ing  g r e a t e r  g l a s s  t o  p r e s s u r e  p l a t e  s e p a r a t i o n  appear d e s i r a b l e .  
The bubble problem r e s u l t e d  p r i m a r i l y  from a i r  entrapment when two 
precoa tcd  s u r f a c e s  were jo ined.  Therefore ,  t e s t i n g  was d i r e c t e d  
toward development of  an assembly procedure i n  which p recoa t ing  i s  
no t  used,  and t h e  adhesive  i s  a p p l i e d  s o  t h a t  it spreads  over  t h e  
bonding s u r f a c e s  a s  they  a r e  brought  t o g e t h e r .  This  minimizes 
bubbles by d r i v i n g  a i r  o u t  ahcad of t h e  advancing g lue  l i n e .  
I n  connect ion wi th  t h e s e  cell bonding exper iments ,  a t t e n t i o n  was 
a l s o  d i r e c t e d  toward t h e  need f o r  methods which have p o t e n t i a l  f o r  
development i n t o  automated procedures .  These c o n s i d e r a t i o n s  l e d  
t o  t h e  conceptual  des ign  desc r ibed  i n  Sec t ion  3.19.2 f o r  automated 
c e l l  bonding. 
Tool ing t o  s imu la t e  t h i s  des ign  was f a b r i c a t e d  f o r  adhes ive ly  moun- 
t i n g  c e l l s  on a 2 f t .  by 4 f t .  s u p e r s t r a t e .  It  w a s  used success-  
f u l l y  t o  p o s i t i o n  and bond two 10 x  20 c e l l  a r r a y s ,  one each  of 
2"  round c e l l s  and 2.12'' square  c e l l s .  The p o s i t i o n i n g  f i x t u r e  
was designed t o  p l a c e  t h e  2.12' '  square  c e l l s  i n  an a r r a y  wi th  a  
nominal spacing of . 050 "  between c e l l s .  A vacuum i s  used t o  hold 
t h e  cel ls  r e t r a c t e d  a g a i n s t  a  foamed p l a s t i c  p r e s s u r e  pad. A f t e r  
app ly ing  adhesive  t o  t h e  c e l l s  and lowering t h e  g l a s s  s u p e r s t r a t e  
on to  t h e  a r r a y ,  t h e  vacuum i s  r e l e a s e d  s o  t h a t  t h e  p re s su re  pads 
p r e s s  t h e  c e l l s  a g a i n s t  t h e  s u p e r s t r a t e  f o r c i n g  t h e  adhesive  t o  
spread.  A clamping mechanism a p p l i e d  t o  t h e  s u p e r s t r a t e  p reven t s  
i t s  being l i f t e d  by a few c e l l s  which might a l low o t h e r s  t o  s h i f t  
l a t e r a l l y .  
The i n i t i a l  pos i t ion i r lg  and vacuum hold-down p r i o r  to bonding 
c c l l s  t o  s u p e r s t r a t e  appeared t o  be perfectly s a t i s f a c t o r y .  
However t h e  clamping mechanism t o  mainta in  the c e l l  a r r a y  conf ig-  
u r a t i o n  dur ing  bonding allowed some of  t h e  c c l l s  t o  t>xpcricncc) n 
smal l  i n i t i a l  displaccmcnt when t h e  vacuum was r e l e a s e d .  I t  was 
found t h a t  by reach ing  under t h e  f i x t u r e  wi th  a s t i f f  wire, manual 
r e p o s i t i o n i n g  was p o s s i b l e  be fo re  t h e  bonding m a t c r i a l  cured.  On 
t h e  pane l  assembled wi th  square  c a l l s  t h e r c  were e leven  cases  of  
displacement which requi red  such r e p o s i t i o n i n g  t o  c o r r e c t  c c l l - t o -  
c e l l  spacing.  A t  t h i s  p o i n t  no f u r t h e r  c e l l  d r i f t  occur red ,  m d  i~ 
s a t i s f a c t o r y  bonded a r r a y  was ob ta ined .  
P o s i t i o n i n g  t o l e r a n c a s  a r c  l e s s  c r i t i c a l  w i t h  two inch  m u n d  c c l l s .  
Therefore ,  l a a g e r  displaccmcnts  can bc t o l e r a t e d ,  am1 a l l  c c l l - t o -  
c e l l  spac ings  on t h i s  panel  f e l l  w e l l  w i t h i n  acccptal?lt> l i m i t s .  
Thc r e l c a s c  of t h e  hold-down vacuum a l s o  r e su l t - cd  i n  ~?ntrapmcnt  
of some bubbles i n  t h e  bond between c c l l s  and s u p c r s t r a t e .  The 
sudden r e l e a s e  of t h e  c c l l s  causcs  them t o  be pressed  t o o  qu ick ly  
a g a i n s t  t h e  s u p e r s t r a t e .  This  does n o t  a l low s u f f i c i e n t  t ime f o r  
uniform spread ing  of t h e  bonding m a t c r i a l  o u t  from t h e  c e n t e r  of 
t h e  c e l l .  Therefore t~nc i r c l emen t  and entrapment of a i r  occur 
caus ing  t h e  bubble formation.  T h i s  i n t e r p r e t a t i o n  i s  subs t , an t ia ted  
by t h e  f a c t  t h a t  ano ther  f i x t u r e  wi thout  t h c  vacuum hold ing  f e a t u r c  
was p rev ious ly  used a t  Spcc t ro lnb ,  and bubble format ion was i n s i g -  
n i f i c a n t  by comparison. However t h a t  f i x t u r e  was much l e s s  a c c u r a t e  
i n  p o s i t i o n i n g  and holding t h e  c e l l  a r r a y  conf igul-a t ion.  
Another f a c t o r  which may a f f e c t  bubble format ion i s  t h e  t ime 
r equ i r ed  t o  apply t h e  bonding m a t e r i a l  t o  a l l  t h e  c e l l s  of t h c  
a r r ay .  T h i s  r e s u l t s  i n  much more spread ing  on t h e  f i r s t  c e l l s  
compared t o  t h e  l a s t  t o  which t h e  adhesive  was app l i cd .  Thcsc 
c c l l s  have a g r e a t e r  l i k e l i h o o d  of  Eorminq bubhlcs when contac ted  
by t h e  g l a s s .  
We b e l i e v e  t h a t  t h e  d e f i c i e n c i e s  i n  t h i s  des ign  could be  e a s i l y  
e l imina t ed  i n  a  p roduc t ion  design.  
Thermal S t r e s s e s  i n  Bonded S o l a r  C e l l  Pane ls  
S t r e s s e s  are induced i n  bonded s i l i c o n  s o l a r  c e l l s  when t h e r e  
i.s a mismatch of  thermal  expansion between s u p e r s t r a t e  and 
s i l i c o n  c e l l .  A s e r v i c e  temperature  range of - 4 0 ' ~  t o  - t .90°~ 
r e s u l t s  i n  differential of  p l u s  o r  minus 6 5 u ~  i f  c e l l  adhesive  i s  
cured a t  2 5 O ~ .  From an engineer ing  p o i n t  of view, s e l e c t i n g  a  
pane l  m a t e r i a l  of matching thermal  expansion c o e f f i c i e n t  i s  t h e  l o g i c a l  
s o l u t i o n ,  however, t hose  m a t e r i a l s  which have s u i t a b l e  matched 
c o e f f i c i e n t s  a r e  cons iderab ly  more expensive than  can be j u s t i f i e d .  1 I 
Considerably cheaper  panel  m a t e r i a l s  may be used i f  r e s i l i e n t  I 
adhesives  are used t o  l i m i t  t h e  s t r e s s e s  caused by d i f f e r e n t i a l  
thermal  expansion. 
A s imple  s t r e s s  a n a l y s i s  shows t h a t  t h e  s t r e s s  i n  s i l i c o n  i s  a 
maximum a t  t h e  c e n t e r  of t h e  c e l l ,  and t h e  maximum s t r e s s  can be  
expressed as: 
2 Where: - G i s  t h e  s h e a r  modulus of  t h e  adhes ive  ( l b s / i n  ) 
- a pane l  is  c o e f f i c i e n t  of  l i n e a r  thermal  expansion 
of  t h e  pane l  ( in / in /Oc)  
- a i s  c o e f f i c i e n t  of l i n e a r  thermal  expan- s i l i c o n  
s i o n  o f  s i l i c o n  ( in / in /Oc)  
- 
tadhesive  i s  t h e  t h i c k n e s s  of  t h e  adhes ive  ( i n . )  
- 
t s i l i c o n  is t h e  t h i c k n e s s  o f  t h e  s i l i c o n  ( i n . )  
- A~ i s  t h e  tempera ture  d i f f e r e n t i a l  from t h e  
adhes ive  c u r e  tempera ture  
and 
- L i s  t h e  l a t e r a l  dimension of  t h e  s i l i c o n  ( i n . ) .  
Equa t ion  (1) shows t h a t  t h e  stress i n t r o d u c e d  i n  t h e  s i l i c o n  i s  
d i r e c t l y  p r o p a r t i o n a l  t o  t h e  s h e a r  modulus o f  t h e  a d h e s i v e ;  t h e r e f o r e  
a  low-modulus a d h e s i v e  i s  h e l p f u l  i n  r e d u c i n g  stresses. S t r e s s  i s  
a l s o  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  mismatch of c o e f f i c i e n t s ;  t h e r e f o r e  
t h e  more e x p a n s i v e  p a n e l  m a t e r i a l s  w i l l  r e q u i r e  compensat ion  i n  o t h e r  
p a r a m e t e r s .  S t r e s s  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  t h i c k n e s s  o f  t h e  
a d h e s i v e ;  t h e r e f o r e  a  g r e a t e r  t h i c k n e s s  o f  a d h e s i v e  may b e  r e q u i r e d  
/ 
f o r  Inore e x p a n s i v e  p a n e l s .  S t r e s s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
t h i c k n e s s  o f  t h e  s i l i c o n ;  t h e r e f o r e  economizing w i t h  t h i n n e r  cel ls  
must b e  accompanied by compensat ion i n  o t h e r  p a r a m e t e r s .  F i n a l l y ,  
t h e  stress l e v e l  i n c r e a s e s  a s  t h e  s q u a r e  o f  t h e  ce l l  w i d t h ,  r e q u i r -  
i n g  a p p r o p r i a t e  a d j u s t m e n t s  a s  c e l l  s i z e  i n c r e a s e s .  S i n c e  t h e  
expans ion  c a e f f i c i c n t  of s i l i c o n  i s  s m a l l e r  t h a n  t h a t  o f  any p r a c t -  I 1 
i c a l  p a n e l  materials, t h e  s i l i c o n  stress w i l l  b e  compress ion  f o r  , 
t e m p e r a t u r e s  below t h e  a d h e s i v e  c u r e  t e m p e r a t u r e  and t e n s i o n  for  
t e n ~ p c r a ~ u r e s  above t h e  a d h e s i v e  c u r e  t e m p e r a t u r e .  E l e v a t e d  c u r e  I 
t c m p c r a t u r e s  c a n  t h e r e f o r e  b e  used t o  l i m i t  t h e  development  o f  1 
t e n s i l e  stresses. * I 
S t r e s s e s  c a n  b e  l i m i t e d  by u s i n g  a  Pow-modulus, r e s i l i e n t  a d h e s i v e  
t o  bond ce l ls  t o  g l a s s ,  however, d i f f e r e n c e s  i n  l e n g t h  produced I 
by t e m p e r a t u r e  change must be  accommodated by s h e a r  s t r a i n  i n  t h e  I I 
a d h e s i v e .  The s h e a r  s t r a i n  i n  t h e  a d h e s i v e  w i l l  b e  a  maximum a t  I 
t h e  edge  o f  t h e  c e l l  ( F i g u r e  3.17-A), where it w i l l  b e  
m anel el - a 
- 
s i l i c o n  AT 
 -- CI--7--- L L a d h e s i v e  
The v a r i a t i o n  o f  a d h e s i v e  s h e a r  s t r a i n  w i t h  ce l l  d imens ions  and g l u e  
l i n e  t h i c k n e s s  i s  shown i n  F i g u r e  3.17-B f o r  cells bonded t o  soda l ime  
g l a s s  w i t h  a 6 5 O ~  AT. 
Figure 3.17-A Shear s t r a in  in adhesive between s i l i ccn  solar 
ce l l  and panel 
Cell Dimension - inches 
Figure 3.17-8 E f f e c t o f  cell  s ize  and glue l ine  thickness on adhesive 
shear s t r a in ,  solar  ce l l s  bonded t o  soda-lime glass with 
s i l icone RTV. 
For  General  Electric RTV 615, u l t i m a t e  u n i a x i a l  s h e a r  s t r a i n  can be 
approximated a t  90%. (Shear deformat ion d a t a  a r e  no t  a v a i l a b l e .  
GE l i s t s  9 2 5  p s i  a s  t h e  t e n s i l e  s t r e n g t h  and 150% a s  t h e  e longa t ion .  
GE t e c h n i c a l  personnel  o f f e r e d  t h a t  s h e a r  p r o p e r t i e s  might be 
approximately 60% of t e n s i l e . !  I n  view o f  t h e  b i a x i a l  n a t u r e  of t h e  
stress, t h e  a l lowable  shea r  s t r a i n  should be much lower ,  perhaps  
20-256. For t h i s  adhesive  F igure  3.17-B sugges t s  t h a t  t h e  minumum 
g l u e  l i n e  t h i ckness  should be about 0 . 0 0 4  i nches  f o r  c e l l s  having 
l a t e r a l  dimensions o f  4-5 inches .  I f  an e l e v a t e d  cu re  temperature  
0 (150 C )  i s  used and subzero environmental  t empera tures  a r e  expect.ed, 
t h e  minimum g l u e  l i n e  t h i ckness  should be  i n c r e a s e d  t o  .008 o r  .009 
inches  i n  o r d e r  t o  accommodate t h e  l a r g e r  AT t o  t h e  low end of t h e  
temperature  c y c l e .  
Thermal s t r e s s  was i n v e s t i g a t e d  by s u b j e c t i n g  tes t  specimens t o  
0 c y c l i n g  from 1 0 0  C t o  p rog res s ive ly  lower temperatures  t o  determine 
t h e  temperature  a t  which d i f f e r e n t i a l  thermal  expansion reached a 
damaging l e v e l .  T e s t  specimens c o n s i s t e d  of two in te rconnec ted  3" 
s o l a r  c e l l s  bonded t o  a g l a s s  panel .  Bonding m a t e r i a l s  used 
inc lude  RTV 615 S i l i c o n e ,  96-083 s i l i c o n e ,  and Epon 828/Versamid 
125. The same cure  temperature ,  150°c, was used f o r  a l l  specimens. 
Specimens were examined f o r  any evidence of damage a f t e r  each suc- 
c e s s i v e  low temperature  exposure,  and a l s o  s o l a r  c e l l  e l e c t r i c a l  
ou tpu t  measurements were made be fo re  and a f t e r  each cyc le .  
The low temperature  extreme t e s t e d  -80°c. A t  t h i s  p o i n t  e l e c t r i c a l  
ou tpu t  has  been v i r t u a l l y  una f f ec t ed ,  and no d e t e c t a b l e  mechanical 
damage has  occurred.  The one d e t e c t a b l e  e f f e c t  w a s  a s l i g h t  ye l -  
lowing of  t h e  Epon 828/Versamid 125 aabesive .  
Bond S t r eng th ,  Environmental E f f e c t s  
Adhesive bond s t r e n g t h s  a s  determined by lap-shear  t e s t s  were 
measured wi th  and wi thout  exposure t o  thermal  c y c l e  and 95% r e l a -  
t i v e  humidity. Resu l t s  f o r  a number of  cand ida t e  adhesives  a r e  
r epo r t ed  i n  Table  3.17-2, Specimens c o n s i s t e d  o f  a p p r o p r i a t e  s i z e d  
c e l l  fragments prebonded t o  a  backing p l a t e  and then bonded w i t h  
t h e  tes t  m a t e r i a l  t o  a mic;roscope s l i d e .  The microscope sl ide.  
provides  a  convenient  1" wide g l a s s  member and t h e  bond can be 
made wi th  a  measured ove r l ap  i n  t h e  c o n f i g u r a t i o n  of a  s t anda rd  
l a p  shea r  specimen. Most m a t e r i a l s  a l s o  r equ i r ed  a  metal  backing 
bonded t o  t h e  g l a s s  i n  o r d e r  t o  provide s t r e n g t h  enough t o  i n s u r e  
f r a c t u r e  a t  t h e  t e s t  j o i n t .  I n  f a c t  t h e  bending moment a t  t h e  
j o i n t  w a s  such t h a t  s t r o n g e r  adhes ives  caused t h e  b r i t t l e  g l a s s  
and c e l l  m a t e r i a l  t o  c rack  i n  a  fragmented p a t t e r n  which tended 
t o  reduce qpparent  bond s t r e n g t h  by reducing e f f e c t i v e  a r e a s  o f  
bond. 
The e f f e c t  of a  swe l l i ng  so lven t  on coa ted  specimens i s  t h e  b a s i s  
of ano the r  tes t  t o  eva lua t e  t h e  r e s i s t a n c e  of i n t e r f a c i a l  bonds 
t o  permeating spec i e s .  I n  o r d e r  t o  e v a l u a t e  t h e  method, s e v e r a l  
d i f f e r e n t  s i l i c o n e  primer systems were used i n  t h e  a p p l i c a t i o n  of  
RYIV 615 s i l i c o n e  coa t ings  t o  s o l a r  c e l l  s u r f a c e s .  These specimens 
were t h e n  immersed i n  xylene t o  swe l l  t h e  s i l i c o n e  c o a t i n g ,  and 
t h e  t i m e  r equ i r ed  f o r  any v i s i b l e  wr ink l ing  o r  l i f t i n g  was observed.  
A s i m i l a r  t e s t  was made us ing  Sylgard 184 s i l i c o n e .  The r e s u l t s  
i n  Table  3.17-3 show t h e  t i m e s  o f  exposure r equ i r ed  f o r  t h e  o n s e t  
of  v i s i b l e  evidence of  delaminat ion.  The s i g n i f i c a n c e  of t h i s  
r e l a t i v e  t o  r e a l  t ime w e a t h e r a b i l i t y  of  t h e  coa t ings  i s  not  immed- 
i a t e l y  e v i d e n t ,  however, it does very qu ick ly  show d i s t i n c t  d i f -  
f e r ences  and should be  e f f e c t i v e  a t  l e a s t  a s  a  sc reen ing  t e s t  f o r  
d i s t i n g u i s h i n g  between m a t e r i a l s .  
The candida te  m a t e r i a l s  f o r  t h e  p r o t e c t i v e  back coa t ing  and t h e i r  
s t a t u s  a s  of  t h e  end of t h e  p e r i o d  a r e  l i s t e d  i n  Table 3.12-4. 
The primary tes t  used f o r  s c r een ing  c o a t i n g  m a t e r i a l s  w a s  adhesive  
bond s t r e n g t h  be fo re  and a f t e r  environmental  exposure was measured 
ADHESIVE BOND STRENGTH/ENVIRON 
LAP SHEAR STRENGTHS ~ S / I N ~  
(AVERAGE OF APPROX. 1 0  SPECIMENS) 
TIIEPEAL CYCLE I / AS BONDED, CONTROL 1 t - 4 0 ° c  t o  9 0 ° c  HUMIDITY @ 70°C 
1 CELL TO CELL TO GLASS TO /CELL CELL TO GLASS TO :CELL TO CELL TO GLASS TO 
MATERIAL I CELL GLASS GLASS "ELL GLASS GLASS i I C E L L  GLASS GLASS 1 / RTV 615  
I RTV 6 1 5 / 4 1 2 8  P r i m  
, RTV 6 1 5 / 4 1 5 5  P r i m  
RTV 6 1 5 / 1 2 0 4  P r i m  
RTV 615/Sylgard P r i m  
X 3 - € 5 5 8  
L o c t i t e  5 2 4  
E p o n  8 2 8 / V e r s  1 2 5  
L o c t i t e  353 U.V. 
96-083 
GE 2 1 4 4 - 1 3 1  
GE 1 4 4 - 1 3 1 / 4 1 2 0  
EVA 
EVA/Z 6 0 2 0  P r i m e r  
* L e s s  t h a n  1 0  s p e c i m e n s  
T a b l e  3 .17-3  . 
HESISTANCE DF SILICONE ELASTOlERS TO SWELLING I N  XYLENE 
PRIMER COUPLING TESTS 
P r i m e r  
SS 4 1 5 5  
SS 4 1 2 0  
Q3-6060 
1 2 0 4  
S y l g a r d  
P i c c o t e x  
1st D e t e c t a b l e  L i f t i n g  
RTV 6 1 5  S y l g a r d  1 8 4  
1 0  min. 30  min. 
1 0  min. 
2 m i n .  
2 m i n .  
1 0  m i n .  
2 min. 
2 m i n .  2 m i n .  
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f a r  t l l p  ~,~tcx'i,xl.s inuolvctl.  
T a b l e  3.13-5 
COATING IllkTERIALS EXPOSURE/,frDHESION TESTS 
I 
I P e e l  S t r e n g t h  T e s t s  ( p o u n d / i n c h )  ( A v e r a g e  Approx.  1 0  S p e c i m e n s )  
I XB-178 6 ( t r /p r imer )  0 .74 C-1590 w h i t e  0 .95  t 
' PT469 clear I I > 2  I 
PT469 w h i t e  1 >2 
i I Perma R e s i n  
MIL-C-83268 w i t h  
AP-131 P r i m e r  
i 1 E l v a x  1 5 0  
I E l v a x  150/26020 1 S i l a n e  P r i m e r  
E f v a x  1 5 0 / P i c c o t e x -  
26020 P r i m e r  
U l t r a f i l m  1 - l c - 5  i -2  
G l a s s  
T h e r m a l  C y c l e  
-400 t o  lOOQC 
H u m i d i t y  
95% 70OC 
C e l l  G l a s s  1 
3.18 LAMINATION METHOD OF ENCAPSULATION 
W e  recommend t h e  u s e  o f  E t h y l e n e  Viny l  A c e t a t e  a s  t h e  m a t e r i a l  
f o r  e n c a p s u l a t i o n  u s i n g  a  vacuum l a m i n a t i o n  t e c h n i q u e .  
3.18.2 Exper imenta l  
E thy lene  Viny l  A c e t a t e  (EVA) 
The EVA f o r m u l a t i o n s  used  i n  t h i s  r e s e a r c h  have  been p r e p a r e d  by  
Spr ingborn  L a b o r a t o r i e s  ( E n f i e l d ,  CT) . The c l e a r  f o r m u l a t i o n  is 
#A-9918, and t h e  pigmented v e r s i o n  i s  A-9930. These m a t e r i a l s  
a r e  based on Elvax 150 EVA w i t 1 1  c r o s s  l i n k i n g  a g e n t s ,  UV screen- 
i n g  compounds, a n t i - o x i d a n t s ,  and pigments  added. The f i n a l  
p roduc t  i s  an e x t r u d e d  s h e e t  % 16 m i l s  t h i c k .  More d e t a i l e d  
f o r m u l a t i o n  may b e  o b t a i n e d  by c o n t a c t i n g  Spr ingborn  L a b o r a t o r i e s .  
These f o r m u l a t i o n s  a r e  well. s u i t e d  t o  t h e  s o l a r  c e l l  encapsu la -  
t i o n  a p p l i c a t i o n .  When h e a t e d ,  t h e  m a t e r i a l  p a s s e s  th rough  a 
t h e r m o p l a s t i c  s t a g e  a t  which t i m e  g a s  removal i s  e a s i l y  ach ieved .  
A t  a  h i g h e r  t e m p e r a t u r e  t h e  p e r o x i d e s  i n  t h e  f o r m u l a t i o n  decom- 
pose and cause  t h e r m o s e t t i n g  th rough  c r e s s - l i n k i n g  o f  t h c  s a t u -  
r a t e d  backbone o f  t h e  polymer. 
Double Vacuum Bag Technique 
A double  vacuum bag l a m i n a t i n g  t e c h n i q u e  was developed when 
i n i t i a l  e x p e r i m e n t a t i o n  w i t h  a  s i n g l e  vacuum bag t e c h n i q u e  was 
found t o  be u n s u c c e s s f u l .  The u s e  of t h e  second bag d u p l i c a t e s  
c o n d i t i o n s  i n  a  t r u e  doub le  vacuum chamber. The d e s i g n  o f  t h e  
1. ti- 
f i x t u r e  u t i l i z e d  i n  t h i s  t e c h n i q u e  i s  shown i n  F i g u r e  3.18-A. 
B r i e f l y ,  t h e  t o o l i n g  c o n s i s t s  o f  a  f l e x i b l e  s i l i c o n  h e a t e r  and 
second chamber above t h e  module c o n t a i n i n g  chamber. I 
The l a m i n a t i o n  p rocedure  commences by p l a c i n g  t h e  module i n  t h e  1 
bot tom vacuum bag chamber. A 0.010 Tef lon  FEP s h e e t  i s  used a s  11 
a  r e l e a s e  s h e e t .  A 1/8" s i l i c o n e  f a c e  s h e e t  o v e r  t h e  t e f l s n  
completes  t h i s  chamber. Nylon s h e e t i n g  i s  used a s  t h e  vacuum 1 I 
bagging m a t e r i a l .  The second chamber c o n t a i n s  a  1/8" aluminum 
s h e e t  and s c r i m  c l o t h  t o  e n s u r e  e a s y  e v a c u a t i o n .  A l a m i n a t i n g  I 
sequence c o n s i s t s  o f  f i r s t  e v a c u a t i n g  b o t h  chambers and h e a t i n g  I 
t h e  module, t h e n  r e l e a s i n g  t h e  t o p  vacuum and h e a t i n g  f u r t h e r .  
F i g u r e  3.18-B shows t h e  t h e r m l l  c y c l e  used d u r i n g  l a m i n a t i o n .  
I n i t i a l l y  t h e  module sees t h e  p r e s s u r e  th rough  t h e  1/8" aluminum 
s h e e t .  This  s h e e t  e f f e c t i v e l y  b r i d g e s  t h e  p r e s s u r e  a c r o s s  t h e  
i n t e r c e l l  s p a c e s  which a l lows  g a s e s  t o  m i g r a t e  t o  t h e  edges and 
b e  removed. The 1/8" s i l i c o n e  s h e e t  cush ions  any h i g h  p o i n t s  on 
t h e  c e l l s  which might l e a d  t o  breakage .  A f t e r  a s u i t a b l e  time 
p e r i o d ,  a tmospher ic  p r e s s u r e  i s  a l lowed t o  e n t e r  t h e  t o p  cornpart- i 
rnent. P r e s s u r e  i s  now f e l t  by t h e  module th rough  t h e  s i l i c o n e  
and Tef lon  s h e e t s  on ly ;  t h u s  t h e  EVA i s  molded i n t o  t h e  i n t e r c e l l  
s p a c e s  a s  w e l l  a s  t o  t h e  ce l l  backs .  Thermoset t ing  of t h e  EVA 
i s  complete i n  t h i s  mode when more h e a t  i s  a p p l i e d .  
To t es t  t i le  v i a b i l i t y  of t h e  doub le  vacuum bag  t e c h n i q u e  d i s c u s s e d  
above,  two 2 '  x 4 '  modules were lamina ted .  T h e  f o l l o w i n g  l i s t  
r e p r e s e n t s  t h e  recommended l a y ~ p  o r d e r  o f  m a t e r i a l s :  
1/8" tempered g l a s s  
5 m i l  Crane-Glas 230 
C l e a r  EVA 
C e l l  c i r c u i t  
5 m i l  Crane-Glas 230 
White EVA 
5 m i l  Crane-Glas 230 
1 m i l  A l / P o l y e s t e r  f i l m  
Mylar Tape 










1/8" S i l icone  Rubber 
Crane Glas 
-010 Teflon FE? 
Module Layup 
t-4 
! i t (-Clear EVA 
- - - -  
- % 9; I $-Sunadex Glass  - - -  -- -- -- -- - ' -Crane Glas 
Vacuum Out? '-\ 
1 
7 Crane Glas 
Mylar Tape 





Si l icone  Heater 
LAMINATING F I X T U R E  
F igure  3 . 1 8 - A  
In su l a t i on  
As: T/_7L/p,0 




CYCLE - SOLAR MODULES 
(Double Vacuum Bag Technique) 
Start Release  Start 
Heat ing  vacuum Cooling 
Top Cavity 
1, Assemble module, l oad  i n t o  double vacuum bag. 
2 .  Evacuate bo th  c a v i t i e s  f o r  20  minutes ,  s t a r t  hea t ing .  
3 .  Release t o p  c a v i t y  vacuum a t  1 0 0 ~ ~  p o i n t .  
4 .  Ra ise  temperature  t o  1 5 0 ~ ~ .  
5. Cool, remove module. 
There was no ev idence  o f  t r a n s m i t t a n c e  l o s s  by u t i l i z i n g  5 m i l  
Crane-Glas i n  f r o n t  o f  t h e  c e l l s .  The l a m i n a t i o n  c y c l e  was 28 
minu tes  l o n g  w i t h  release o f  t h e  upper  vacuum bag  vacuum when 
t h e  module t e m p e r a t u r e  r eached  1 0 5 ~ ~ .  Work done on a n o t h e r  JPL 
c o n t r a c t  h a s  i n d i c a t e d  that t h e  use  o f  Crane-Glas i n  f r o n t  o f  
t h e  cells l e a d s  t o  less t h a n  1% t r a n s m i t t a n c e  l o s s .  F i g u r e s  
3.18-C and 3.18-D show t h e  IV c u r v e s  f o r  t h e  two v e r i f i c a t i o n  
modules c o n s t r u c t e d .  See S e c t i o n  3.21 f o r  c e l l  v e r i f i c a t i o n  
d a t a .  
Figure  3.18-C 
P K T R O L A B  Q C FORM 3001 
UNCOLLIMATED 
VOLTAGE (VOLTS X * 2 38 
SPECTROLAB Q C FORM 3001 
SYLMAR. CALIFORNIA DATE: 7/ 
JPL 6314-2 
CELL a MOr)ULE PANEL DESIGNATIOY: 
SOURCE: OSUN OTUNGSTEN @XENON 
UNCOLLIMATED 
TEST TEMP.: 28 oc 
TEST NO. PROC, NO. 
11.8 
MODULE DESIGN AND SOLAR CELL C I R C U I T  
3.19.1 -.- Recommendations - 
For  purposes  of  v e r i f i c a t i o n  t e s t i n g  o f  t h e  ce l l  and module p r o c e s s  
sequences  w e  recommend a  module d e s i g n  comprised of  n 24 by 48 i n c h  
tempered g l a s s  s u p e r s t r a t e  t o  which i s  1arnina.ted a  s o l a r  c i r c u i t  
e n c a p s u l a t e d  i n  e t h y l e n e  v i n y l  a c e t a t e  (EVA) , t h e  whole b e i n g  
mounted i n  an e x t r u d e d  aluminum frame.  The s o l a r  ce l l  c i r c u i t  
f o r  t h e  v e r i f i c a t i o n  t e s t i n g  i s  t o  be comprised o f  200 s q u a r e  cel ls  
hav ing  a  nominal dimension o f  2.1.2 i n c h e s  on a  s i d e  d i s p o s e d  i n  a 
10 x 20 c e l l  l a y o u t .  C e l l s  w i l l  b e  i n t e r c o n n e c t e d  by means of  
s o l d e r  c o a t e d  copper  r i b b o n s  i n t o  a  c i r c u i t  w i t h  10  ce l ls  i n  
p a r a l l e l  and twenty  c e l l s  i n  series. For  t h e  1986 module w e  
recommend a s i m i l a r  c o n f i g u r a t i o n  w i t h  l a r g e r  s i z e  s u p e r s t r a t e  and 
c e l l s  a s  might  b e  a p p r o p r i a t e  a t  t h a t  t i m e .  
The lamir&ated  s t r u c t u r e  and use  o f  EVA a s  e n c a p s u l a n t  recommended 
h e r e  i s  a  d e p a r t u r e  from t h e  o r i g i n a l  p r o p o s a l  o f  ce l ls  a d h e s i v e l y  
bonded t o  t h e  s u p e r s t r a t e  w i t h  a s u b s e q u e n t l y  a p p l i e d  p r o t e c t i v e  
c o a t i n g  m a t e r i a l .  T h i s  d e p a r t u r e  i s  t h e  consequence o f  i n a b i l i t y  
t o  f i n d  a s u i t a b l e  adhes ive  o t h e r  t h a n  s i l i c o n e s  a s  d e s c r i b e d  i n  a  
a n o t h e r  s e c t i o n .  
Work Performed 
----- 
Square  c e l l s  c u t  from 3 i n c h  d i a m e t e r  C z o c h r a l s k i  c r y s t a l s  have 
been d e c i d e d  on a s  t es t  v e h i c l e s  f o r  p r o c e s s  v e r i f i c a t i o n  i n  a n t i -  
c i p a t i o n  o f  l a r g e r  s q u a r e  o r  r e c t a n g u l a r  s h e e t  m a t e r i a l s  becoming 
a v a i l a b l e .  The c r y s t a l s  w i l l  be  shaped i n t o  p r i sms  w i t h  s q u a r e  
c r o s s  s e c t i o n s  p r i o r  t o  sawing w a f e r s .  The nominal wafer  dimension 
w i l l  be 5 .3  cm ( 2 . 1  i n c h e s )  on t h e  s i d e .  P ' e n t a t i v e  module 
d e s i q n  ( F i g u r e  3.19-A) h a s  been p r e p a r e d  comprised o f  a  10  x 20 

c e l l  l ayou t .  C e l l s  w i l l  be in t e r connec ted  i n t o  o c i r c u i t  wi th  t e n  
c e l l s  i n  p o r a l l e i  and twenty c e l l s  i n  s e r i e s .  F igure  3.19-B shows 
t h e  s u p c r s t r a t e  design f o r  t h i s  c i r c u i t .  These c i r c u i t s  a r e  
expected t o  have a peak power o f  8 4  w a t t s  a t  2 8 ' ~  and e i t h e r  9 . 4  
o r  18.8  v o l t s  r e s p e c t i v e l y  based on on assumed 15% c e l l  efficiency. 
The corresponding module e f f i c i e n c y  i s  
( 2 . 1 0 )  x 200 (cell  a r ea )  14.5C = 11.9", 
- . -  
46.03 x 2 3 . 3 4  (module a r e a )  
This  is  be fo re  encapsu la t ion  and in t e r connec t  l o s s e s  a r e  taken 
i n t o  account .  
Ce l l - t o -ce l l  i n t c r connec t s  w i l l  be 1" l e n g t h s  of  2 m i l  x  0.10 inch  
copper r ibbon.  The r ibbon i s  OFIIC copper wi th  1/2 m i l  s o l d e r  
p l a t i n g  t h a t  has been fused.  Bus b a r  ma te r i a l  i s  3 m i l  x 0 . 4 0  inch  
copper r ibbon ,  OFIIC, 1 / 2  m i l  p l a t e ,  fused.  Using t h e  wider  r ibbon 
ss a  bus b a r  a t  both ends of  the panel  (connected t o  t c n  20-cel l  
s t r i n g s )  wi th  t e rmina t ion  a t  t h e  c e n t e r ,  t h e  power due t o  r e s i s t a n c e  
l o s s  i n  i n t c r connec t s  i s  approximately 0 .3  wa t t s .  See Appendix E 
f o r  c a l c u l a t i o n s .  These c a l c u l a t i o n s  a r e  extremely conse rva t ive ,  
u s i n t ~  r e s i s t a n c e  at 7 5 O ~ ,  power a t  room temperature  and n o t  inc lud-  
i ng  any conductance f o r  t h e  s ~ l d e r  p l a t e .  
C e l l  Bonding Method Assembly Sequence 
--- 
A des ign  concept f o r  t h e  s u p e r s t r a t e  assembly i s  shown i n  F igu re  
3.19-C. A t  t h e  adhesive  a p p l i c a t i o n  s t a t i o n ,  t h e  c e l l s  f o r  an 
e n t i r e  s u p e r s t r a t e  a r e  a c c u r a t e l y  l oca t ed  i n  a  g r i d  a r r ay .  C e l l s  
a r e  p resen ted  f a c e  up f o r  automat ic  a p p l i c a t i o n  o f  adhesive  by 
mechanized d i spens ing  heads. By applying a con t ro l l ed  amount of 
adhesive  a t  t h e  c e n t e r s  of t h e  c e l l s ,  bubble f r e e  adhesive  j o i n t s  
w i l l  be  ob ta ined  when t h e  s u p e r s t r a t e  g l a s s  i s  lowered on to  t h e  
adhesive  mounds which then  spread  due t o  t h e  weight of ihe g l a s s .  


A f t e r  adhesive  a p p l i c a t i o n ,  t h e  g r i d  of cells i s  advanced t o  t h e  
g l a s s i n g  s t a t i o n .  A t  t h i s  s t a t i o n  t h e  s u p e r s t r a t e d  g l a s s  i s  t r a n s -  
f e r r e d  by vacuum pick-up arms and a c c u r a t e l y  p o s i t i o n e d  on t h e  c e l l  
a r r a y .  The assembly i s  then  moved t o  another  s t a t i o n  where t i m e  i s  
provided f o r  t h e  adhesive  t o  flow t o  t h e  edges o f  t h e  cell .  A f t e r  
i n s p e c t i o n ,  t h e  assembly advances i n t o  an oven where t h e  adhesive  
i s  cured.  
The s u p e r s t r a t e  i s  then  i n v e r t e d  t o  d i s p l a y  t h e  back s i d e s  of  t h e  
cells f o r  i n t e r connec t ion .  This  i s  p r o j e c t e d  t o  be an automat ic  
ref low s o l d e r i n g  process  u s ing  copper b r a i d  i n t e r c o n n e c t  conduc- 
t o r s .  
A second inve r s ion  p r e s e n t s  t h e  in te rcannec ted  s o l a r  c e l l  c i r c u i t  
on t h e  lower s i d e  of  t h e  g l a s s .  I n  t h i s  p o s i t i o n  t h e  s u p e r s t r a t e  
moves cont inuously  through a so lven t  sp ray  f l u x  removal t ank  and 
through an overcoa t ing  s t a t i o n .  Th i s  might be  a wave c o a t i n g  
process  a s  shown o r  a l t e r n a t i v e l y  could be a  sp ray  c o a t i n g ,  c u r t a i n  
coa t ing  o r  o t h e r  s u i t a b l e  p rocess .  
Lamination Method Assembly Sequence 
Table  3.19-1 l i s t s  d e t a i l e d  s t e p s  f o r  t h e  lamina t ion  assembly 
sequence. In t e r connec t s  a r e  a t t ached  t o  t h e  f r o n t  c o n t a c t s  of  t h e  
ce l l  us ing a  s o l d e r  p r e s s  which c o n s i s t s  of  a  hea ted  block on a  
weighted l e v e r  wi th  timed c o n t r o l s .  Optimum s o l d e r i n g  i s  achieved 
when t h e  block i s  a t  350° and l e f t  on t h e  s o l d e r  j o i n t  f o r  4 seconds. 
Flux i s  used i n  t h e  process  bu t  no a d d i t i o n a l  s o l d e r  i s  added, t h e r e  
i s  s u f f i c i e n t  s o l d e r  i n  t h e  i n t e r c o n n e c t s  p l a t i n g .  
A f i x t u r e  was b u i l t  t o  connect  cel ls  i n t o  s t r i n g s .  C e l l s  which 
have been f r o n t  tabbed a r e  used. The f i x t u r e  c o n s i s t s  of  a  3" x  3 "  
hea t ing  block wi th  vacuum ho1.d-down a t t a c h e d  t o  a  non-heated block 
Table  3.19-1 
LAMINATION METHOD ASSEMBLY SEQUENCE 
Cut i n t e r c o n n e c t  
S o l d e r  i n t e r c o n n e c t  t o  f r o n t  ohmic 
Remove f l u x  
U l t r a s o n i c a l l y  s o l d e r  i n t e r c o n n e c t e d  ce l ls  t o  make s t r i n g  
Assemble c i r c u i t  f r o n t  s t r i n g s  
Prime g l a s s  and A l / p o l c s t e r  f i l m  
P l a c e  Crane Glas  on g l a s s  
P l a c e  c l e a r  EVA on g l a s s  
Clean c i r c u i t  
T r a n s f e r  c i r c u i t  t o  EVA 
Add EVA and Crane Glas  on bus  b a r s  
P l a c e  a d d i t i o n a l  Crane Glas  o v e r  c i r c u i t  
P l a c e  w h i t e  EVA o v e r  Crane Glas  
P l a c e  a d d i t i o n a l  Crane Glas  o v e r  EVA 
P l a c e  A l / p o l y e s t e r  f i l m  on t o p  
Complete l ayup  
Laminate 
Apply frame 
P r e p a r e  t e r m i n a l  box 
20)  A t t a c h  t e r m i n a l  box 
21) S e a l  box 
2 2 )  Test 
3" x  2 4 "  through a  t h i n  Tef lon block.  The Tef lon  block i s  machined 
such t h a t  t h e r e  i s  a  .0501' spac ing  between a c e l l  on t h e  hea ted  
and unheated block.  The smal l  block i s  hea ted  t o  1 5 0 ~ ~ .  An u l t r a -  
son ic  s o l d e r i n g  i r o n  i.s used t o  f i r s t  p u t  a  t i n / z i n c  s o l d e r  pad 
on t h e  c e l l  back. This  c o n s t i t u t e s  a s h i f t  of t h i s  p rocess  s t e p  
from t h e  c e l l  p rocess ing  sequence t o  t h e  module assembly sequence. 
Next, t h e  i n t e r connec t  (from t h e  ad j acen t  c e l l  p o s i t i o n e d  on t h e  
unheated block) i s  u l t r a s o n i c a l l y  so lde red  t o  t h e  pad. This  c r e a t e s  
a  two-cel l  s t r i n g  which i s  s l i d  t o  one s i d e  s o  another  c e l l  may be 
a t t ached .  Longer s t r i n g s  a r e  t h u s  c r e a t e d  wi th  g r e a t  accuracy o f  
i n t e r c e l l  spacing.  
Pull t e s t s  have been completed on c e l l s  in te rconnec ted  i n  t h i s  
manner. Back in t e r connec t  s t r e n g t h s  a r e  shown i n  Table  3.19-2. 
90° p u l l  t e s t  f a i l u r e s  a l l  exceeded 700 grams; and 45O p u l l  tes t  
f a i l u r e  s t r e n g t h s  w e r e  g r e a t e r  than  1400 grams, t h e  maximum load  
our  test  f i x t u r e s  can apply.  F a i l u r e s  t h a t  occur red  below 1000 
grams were a l l  due t o  s i l i c o n  f r a c t u r e .  Fron t  i n t e r c o n n e c t s  were 
t e s t e d  wi th  t h e  90' p u l l  t e s t  (Table  3.19-3) . A c o r r e l a t i o n  of 
t h e  s t r e n g t h  of t h e  j o i n t  wi th  t h e  amount of  t i m e  between H F  e t c h  
and f r o n t  con tac t  p r i n t i n g  was found. I f  t h e  c e l l s  a r e  p r i n t e d  
24 hours ,  p u l l  s t r e n g t h s  g r e a t e r  than  650 grams a r e  found. A s  t h e  
amount of t i m e  between WF e t c h  and p r i n t i n g  i s  inc reased ,  t h e  p u l l  
s t r e n g t h s  l e s s e n .  I f  t h e  t i m e  i s  two weeks, t h e  f r o n t  c o n t a c t  
shows no adhesion t o  t h e  c e l l .  I n  a l l  f r o n t  con tac t  p u l l  tests 
t h e  f a i l u r e  mode i s  t h e  s i l v e r  c o n t a c t  s e p a r a t i n g  from t h e  s i l i c o n .  
A f t e r  a  s t r i n g  o f  2 0  c e l l s  was made it w a s  t r a n s f e r r e d  by hand t o  
a  shee t  of g l a s s  where t h e  c i r c u i t  was assembled. The c i r c u i t  con- 
s i s t s  of  200  c e l l s :  LO p a r a l l e l  s t r i n g s ,  2 series b locks ,  and 
1 0  c e l l s  p e r  s u b s t r i n g .  While ou r  v e r i f i c a t i o n  module has  no diodes  
w e  would recommend 1 diode p e r  module te  guard a g a i n s t  back b i a s i n g .  
The a d d i t i o n  of  a diode t o  one of t h e  t e rmina l  boxes and t h e  lamina- 
t i o n  of  a  r ibbon connection f o r  it would n o t  change t h e  assembly 
sequence apprec iab ly .  
T a b l a  3 .19-2  
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P6tl l  
@e l l  F r a c t u r e  
C e l l  FL-actlure 
C c 3 1  Fracture  
C e l l  F r n c t u r c  
N o n e  
Cell F r a c t u r e  
Peel 
N o n e  
N o n e  
N o n e  
None 
N o n e  
None 
N o n e  
C e l l  # 
Table  3.19-3 
FRONT INTERCONNECT PULL IiESULTS 
go0  p u l l ,  s o l d e r  p r e s s  used 
F a i l u r e  Load 
P r i n t e d  24 hours  
a f t e r  HF e t c h  
P r i n t e d  1 week 
a f t e r  HF e t c h  
P r i n t e d  3  weeks 
a f t e r  HF e t c h  
Two 2 '  x 4 '  v e r i f i c a t i o n  modules  were l a m i n a t e d  as d e s c r i b e d  i n  
S e c t i o n  3.18.  The l a m i n a t i o n  s t e p  i n  a f u l l y  m e c h a n i c a l  l i n e  
would b e  accompl i shed  by a d o u b l e  vacuum chamber c a p a b l e  o f  hand- 
l i n g  1 2  modules p e r  h o u r .  
A f t e r  l a m i n a t i o n  t h e  modules  would b e  framed and t e r m i n a l  boxes  
would b e  a t t a c h e d .  A f i n a l  tes t  would comple t e  t h e  sequence .  
3.20 EFFECT OF CELL PROCESSING ON CRYSTAL PERFECTION 
3.20.1 Recommendations 
No evidence was found o f  g ros s  imper fec t ions  such a s  p r e c i p i t a t e  
p a r t i c l e s  o r  d i s l o c a t i o n s  a t t r i b u t a b l e  t o  t h e  s c reen  p r i n t i n g  
m e t a l l i z a t i o n  when wafers  were examined by x-ray topography. 
Con t r a s t  i n  t h e  topographs between t h e  reg ions  under t h e  metal-  
l i z a t i o n  and t h o s e  no t  under t h e  m e t a l l i z a t i o n  sugges t s  a cond i t i on  
of  uniform l o c a l  s t r a i n  i n  t h e  s i l i c o n  immediately a d j a c e n t  t o  bo th  
s i l v e r  and aluminum p r i n t e d  and f i r e d  c o n t a c t s .  Add i t i ona l  i n v e s t i -  
g a t i o n  was extended t o  i nc lude  t r ansmis s ion  and a n a l y t i c a l  e l e c t r o n  
microscopy of t h e  wafers  sub jec t ed  t o  va r ious  process  t r ea tmen t s .  
Work Performed 
X-ray topographs w e r e  made of  t h e  fol lowing:  
e The e tched  S i  wafer  s u r f a c e  t o  a s s e s s  t h e  i ~ h e r e n t  
p e r f e c t i o n  of  Lhe s t a r t i n g  wafers 
The f r o n t  c o n t a c t  s u r f a c e  a f t e r  t h e m 1  p roces s ing  
of t h e  Ay-glass f r i t  f r o n t  m e t a l l i z a t i o n  p a s t e  
The back A 1  c o n t a c t  s u r f a c e  a f t e r  thermal p rocess ing  
e The S i  s u r f a c e  a f t e r  a p p l i c a t i o n  and thermal  p rocess ing  
of  t h e  d i f f u s i o n  masking d i e l e c t r i c  
The topographic  s t u d i e s  involve  Lang r e f l e c t i o n  x-ray topography. 
The technique  i s  i l l u s t r a t e d  i n  F igu re  3.20-A. An x-ray beam from 
a  smal l  source  i s  i n c i d e n t  on t h e  S i  wafer ihrough a narrow s l i t .  
The beam impinges t h e  c r y s t a l  a t  an ang le  ad jus t ed  t o  s a t i s f y  t h e  
Bragg cond i t i ons .  A v a r i a b l e  width d i f f r a c t e d  beam s l i t  i s  used 
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X-RAY CAMEW GEOMETRY 
r e a c h i n g  t h e  p h o t o g r a p h i c  p l a t e .  The c r y s t a l  and t h e  p h o t o g r a p h i c  
p l a t e  a r e  t h e n  scanned t o g e t h e r  t o  produce a  r e f l e c t i o n  topograph 
o f  t h e  e n t i r e  c r y s t a l  f a c e .  I f  c r y s t a l  i m p e r f e c t i o n s  a r e  p r e s e n t ,  
chanqes i n  c o n t r a s t  o c c u r  and t h e  t y p e  o f  d e f e c t  can  b e  i d e n t i f i e d .  
The p e n e t r a t i o n  dep th  o f  t h e  40 kV x-rays  from a  N i  t a r y e t  i s  o f  
t h e  o r d e r  o f  10  llm.  Such p e n e t r a t i o n  d e p t h  r e p r e s e n t s  t h e  r e g i o n  
of illterest i n  de te rmin ing  t h e  e f f e c t s  o f  wafe r  s u r f a c e  t r e a t m e n t ,  
the rmal  c y c l e s  and ohmic c o n t a c t i n g .  
S t a l - t i n q  Wafers 
-- --------- --- * 
The dcgrce o f  c r y s t a l  perfection f o r  w a f e r s  havinq no &ldjncent  I 
ohmic c o n t a c t  o r  i n s u l ; ~ t o r  i s  shown i n  t h e  x- ray  topoclraph of  
F i g u r e  3 .  I The c i r c u l a r  w n f c r ,  2  i n c h e s  i n  d i a m e t e r ,  was c l c a v c d  
I 
1 
i n  h d l f  and hnci z c r a c k  r c s u l t i n c j  from t h e  c l e a v i n g .  The topagraph  1 
i 
shows no g r o s s  i m p c r f c c t i o n s  such a s  i n c l u s i o n s ,  low n n q l e  g r a i n  1 
b o u n d a r i e s ,  s l i p  01- l a r g e - s c a l e  d i s l o c a t i o n  networks .  
F r o n t  Con tac t  A r c a  
+------ 
The f r o n t  c o n t a c t  a r c a  of t h e  s o l a r  c e l l  examined by x-ray  topo-  
graphy i s  shown i n  F i y u r c  3.20-C. The f r i t t e d  s i l v e r  p a s t e  was 
a p p l i e d  t o  a wafe r  and f i r e d  f o r  20 seconds  i n  a i r  s t  7 0 0 " ~ .  The 
g r i d  was removed w i t h  1:l c o n c c n t r a t c d  n i t r i c  a c i d : w a t e r  a f t e r  
t h e  q r i d  had been f i r e d  f o r  20 seconds  a t  7 0 0 ~ ~  i n  a i r .  The x-ray 
t o p o ~ l r a p h  F i g u r e  3.20-D shows a  r e s i d u a l  p a t t e r n  o f  t h e  c o n t a c t  
y r i d ,  probably  caused by unlform l o c a l  s t r a i n  r e s u l t i n q  from 
d i f f u s i o n  of c o n s t i t u e n t s  of  t h e  g r i d  m a t e r i a l  d u r i n g  f i r i n g .  
I t  s h o u l d  be  n o t e d ,  however, t h a t  t h e  a p p l i c a t i o n  p r o c e d u r e s  and 
t h e  f i r i n g  c y c l e  d i d  n o t  produce c r y s t a l  d i s l o c a t i o n s  o r  s l i p .  
The wafe r  a l s o  shows no e v i d e n c e  o f  warping.  The da rk  h o r i z o n t a l  
l i n e s  a r e  x-ray scann ing  a r t i f a c t s ,  n o t  a p r o p e r t y  of  t h e  wafe r .  
F i q u r e  3 . 2 0 - B .  X-Ray Topoaraph of S i  Wafcr w i t h  No C o n t a c t s  
2 5 4  
r ic~ure  3.20-C. Y-Ray T o p o o r n p ' l  of F r o n t  C o n t a c t  Area, Si S o l a r  C e l l  
2 5 5  
\.-!:) ' I 'op~(~rap1l  of Rack C o n t a c t  Area ,  Si Solar Ccll 1 -  . 2 : .  . 
2 5 0 
Back Contact  Area 
The back c c n t a c t  a r e a  of a sol.ar ce l l  was examined by x-ray topo- 
graphy. The A 1  c o n t a c t  m a t e r i a l  was a p p l i e d  uniformly t o  t h e  wafer  
wi th  t h e  except ion  of an annula r  reg ion  around t h e  per iphery.  The 
wafer  was f i r e d  us ing  t h r e e  thermal  cyc l e s :  
1 0  seconds a t  9 0 0 ~ ~  i n  a i r  
15 seconds a t  6 0 0 ~ ~  i n  a i r  
20  seconds a t  7 0 0 ~ ~  i n  a i r  
This sequence was s e l e c t e d  t o  s imula te  thermal c y c l e s  included i n  
t h e  process  sequence a f t e r  f i r i n g  t h e  aluminum. A f t e r  f i r i n g ,  
t h e  aluminum was removed by e t c h i n g  i n  H C 1  a t  60°c and t h e  x-ray 
topograph of F igure  3.20-D obta ined .  Th i s  topograph i s  of  t h e  
oppos i t e  s i d e  of t h e  wafer  from t h a t  shown i n  F igu re  3.20-B. I n  
t h e  region of A 1  a l l o y i n g ,  t h e r e  i s  evidence of regrowth reg ions  
when t h e  wafer  i s  examined by eye,  b u t  t h e  x-ray topograph shows 
l i t t l e  s t r u c t u r e  i n  t h e  A 1  a l l o y i n g  reg ion  wi th  t h e  except ion  of 
s m a l l  c i r c u l a r  reg ions  s p a r s e l y  d i s t r i b u t e d  i n  t h e  a r e a .  I n  t h e  
annula r  reg ion  where t h e r e  was no A 1  depos i t ed ,  t h e s e  f e a t u r e s  do 
n o t  occur.  The smal l  c i r c u l a r  reg ions  were found t o  be reg ions  
having a t h i n  regrowth l a y e r  a s s o c i a t e d  wi th  shal low p e n e t r a t i o n s  
by t h e  molten aluminum. 
Di f fus ion  Mask 
A g l a s s y  i n s u l a t i o n  f i l m  f o r  d i f f u s i o n  masking of  t h e  phosphorus 
d i f f u s i o n  was sub jec t ed  t o  x-ray topography. I n  o r d e r  t o  determine 
p o s s i b l e  c r y s t a l  damage from thermal  p rocess ing  o f  t h e  depos i t ed  f i l m  
on S i ,  a wafer  wi th  a b a r  p a t t e r n  o f  masking f i l m  depos i t ed  on i t s  
s u r f a c e  was sub jec t ed  t o  t h e  fol lowing f i r i n g  cyc le :  
30 minutes a t  8 5 ~ ~ ~  i n  N 2  
1 0  seconds a t  9 0 0 ~ ~  i n  a i r  
15  seconds a t  6 0 0 ~ ~  i n  a i r  
20 seconds a t  7 0 0 ~ ~  i n  a i r  
The f i l m  was then  removed wi th  H F  and t h e  x-ray topograph of - - -  - 
Figure  3.20-E made. There i s  no evidence of  damage induced i n  t h e  
wafer  by t h e  masking f i l m  b a r  p a t t e r n  which was depos i t ed  i n  t h e  
c e n t r a l  p o r t i o n  of t h e  wafer  ( t h r e e  b a r s  each 25 mm i n  l eng th  and 
- 
3 mrn, 2 mm and 1 mm width were depos i t ed ) .  The wafer  does show 
e x t e n s i v e  s l i p  damage which i s  e s p e c i a l l y  s eve re  a t  t h e  edge of 
t h e  wafer. From exper ience  wi th  o t h e r  S i  dev ice  s t r u c t u r e s ,  it i s  
n o t  l i k e l y  t h a t  t h e  s l i p  i s  caused by t h e  depos i t ed  d i f f u s i o n  
resist p a t t e r n  o r  by handl ing.  I t  should be po in ted  o u t  t h a t  s l i p  
of t h i s  e x t e n t  mi rh t  be  d e l e t e r i o u s  t o  t h e  e l e c t r i c a l  t e rmina l  
c h a r a c t e r i  
resembles 
du r ing  cry  
s t i c s  of t h e  s o l a r  c e l l s .  The observed s l i p  p a t t e r n  
t h a t  sometimes found a s  a  r e s u l t  of thermal  s t r e s s e s  
. s t a l  growth and may have been p r e s e n t  i n  t h e  o r i g i n a l  
wafer.  
Prom t h e  x-ray c h a r a c t e r i z a t i o n  it i s  concluded t h a t :  
a The c r y s t a l  p e r f e c t i o n  of t h e  wafers  i s  good 
a Fron t  ohmic c o n t a c t  procedures  do n o t  produce 
s i g n i f i c a n t  c r y s t a l  damage 
a Back c c n t a c t  p rocess ing  does n o t  produce ex t ens ive  
c r y s t a l  damage, b u t  t h e r e  a r e  smal l  c i r c u l a r  
d e f e c t s  a s s o c i a t e d  wi th  l o c a l i z e d  reg ions  which 
a r e  no t  d i s so lved  i n t o  t h e  molten aluminum. 
a The f i r i n g  of the  d i f f u s i o n  mask f i l m  does no t  
i n t roduce  n o t i c e a b l e  c r y s t a l  damage. 
a Extensive  s l i p  was observr A i n  one wafer  be l i eved  
t o  be from t h e  c r y s t a l  growing process .  

Transmission and Ana ly t i ca l  E lec t ron  Microscopy of C e l l  Process ing:  
T h i s  i n v e s t i g a t i o n  was undertaken t o  examine t h e  m i c r o s t r u c t u r e s  of  
t e n  ( 1 0 )  I D  sawed wafers  of S i  s i n g l e  c r y s t a l s  from Smiel ,  a l l  
o r i e n t e d  ( l o o ) ,  which had been sub jec t ed  t o  various process ing  
t r ea tmen t s  l i s t e d  below. The samples, numbered 1 through 1 0 ,  
were processed as des.zribed i n  t h e  t e x t .  This  numerology has been 
r e t a i n e d  throughout t h e  i n v e s t i g a t i o n  and i n  t h i s  r e p o r t .  
PROCESSING TREATMENT 
308 NaOH 
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Conventional TEM was done a t  UCLA us ing  a  JEOL model JEM-200 
t ransmiss ion  e l e c t r o n  microscope o p e r a t i n g  a t  200 KeV. Because 
of t h e  ( 1 0 0 )  o r i e n t a t i o n  o f  t h e  s i n g l e  c r y s t a l s ,  most of  t h e  photo- 
graphs were taken  under d i f f r a c t i n g  cond i t i ons  such t h a t  ( 0 2 2 )  was 
t h e  s t r o n g l y  d i f f r a c t i n g  plane;  t h i s  i s  t h e  lowest  o r d e r  d i f f r a c -  
t i o n  vec to r  i n  t h e  < L O O >  zone. Seve ra l  samples were a l s o  examined 
i n  a JEOL madel 100 CX TEMSCAN t r ansmis s ion  e l e c t r o n  microscope 
ope ra t ing  a t  1 0 0  KeV. This  ins t rument  i s  an a n a l y t i c a l  e l e c t r o n  
microscope (AEM) equipped wi th  a Kevex s o l i d  s ta te  x-ray d e t e c t o r .  
This  enab le s  one t o  d e t e c t  t h e  c h a r a c t e r i s t i c  x-rays emi t t ed  by 
t h e  va r ious  e lements  conta ined  i n  t h e  sample. The p r i n c i p l e  i s  
t h e  same a s  t h a t  employed i n  an e l e c t r o n  microbeam probe,  bu t  t h e  
s p a t i a l  r e s o l u t i o n  i s  s u p e r i o r  by n e a r l y  two o r d e r s  o f  magnitude. 
I n  what fo l lows ,  t h e  f e a t u r e s  observed i n  each sample w i l l  be  
d i scussed  i n  t u r n .  It happens t h a t  n e a r l y  a l l  t h e  photographs 
were taken  a t  t h e  same magnitude (13,200X); t h i s  magni f ica t ion  
i s  i n d i c a t e d  i n  F igu re  3.20-1-F. I n  subsequent photographs t h e  
magni f ica t ion  w i l l  be i n d i c a t e d  on ly  i f  it d i f f e r s  from t h a t  i n  
F igu re  3.20-1-F. 
SAMPLE 1 
Process ing t r ea tmen t  A ,  po l i shed  e tched  t o  5 m i l s  from one s i d e  
s ec t ioned  and th inned  from t h e  same s i d e  t o  a l low e l e c t r o n  t r a n s -  
miss ion.  Sample prepared a s  a  c o n t r o l .  
The specimen examined was chemical ly  po l i shed .  
F igu re  3.20-1-F shows a  l i n e a r  t ype  d e f e c t  (A)  t y p i c a l  of o t h e r s  
seen i n  t h i s  sample, and o t h e r s  a s  we l l .  This  t y p e  of  d e f e c t  has  
no p a r t i c u l a r  c r y s t a l l o g r a p h i c  p re fe rence .  I t  i s  presumed t o  be 
d e b r i s  r e s u l t i n g  from c u t t i n g  of t h e  wafer which was not  removed 
by subsequent po l i sh ing  of t h e  wafer.  
F igu re  3.20-1-G is  a  sequence of photos taken  from two ad jacen t  
r eg ions  of t h e  sample (a )  and i t s  corresponding d i f f r a c t i o n  
p a t t e r n  (b)  . Figure  3.20-1-G(a) i l l u s t r a t e s  a  curved d e f e c t  (B) , 
t h e  o r i g i n  is  probably p a r t i a l l y  e tched  saw damage s i n c e  i t s  d i f -  
f r a c t i o n  p a t t e r n  con ta ins  no e x t r a  r e f l e c t i o n s .  
F igu re  3.20-1-H shows a  reg ion  of t h e  sample which appears t o  con- 
t a i n  p r e c i p i t a t e s  ( C  and D). The d i f f r a c t i o n  p a t t e r n  from t h i s  
reg ion  (b)  con ta ins  a d d i t i o n a l  s p o t s ,  i n d i c a t i v e  of a  p r e c i p i t a t e  
phase.  I t  i s  now be l i eved  t h a t  t h e  e x t r a  s p o t s  o r i g i n a t e d  from 
t h e  b lo tchy  " p a r t i c l e "  ( c )  , which i s  probably due t o  s u r f a c e  con- 
t amina t ion .  
F igu re  3.20-1-1 i s  a  sequence from two ad jacen t  r eg ions  con ta in ing  
c i g a r  shaped f e a t u r e s  s i m i l a r  ko D i n  F igu re  3.20-1-H. O r d i n a r i l y  
t h e s e  would be  suspected t o  be p r e c i p i t a t e s .  However, it i s  note-  
worthy t h a t  t hey  s h a r e  no common c r y s t a l l o g r a p h i c  o r i e n t a t i o n .  
This  po in t  w i l l  be r e tu rned  t o  l a t e r  i n  d i scus s ion  of s i m i l a r  
f e a t u r e s  observed i n  o t h e r  samples. 


P r o c e s s i n g  t r e a t m e n t s  A ,  B,  p o l i s h e d  e t c h e d  t o  5 m i l s  from t h e  non- 
d i f f u s e d  s i d e ,  s e c t i o n e d  and t h i n n e d  from t h e  non-d i f fused  s i d e  t o  
a l l o w  e l e c t r o n  t r a n s m i s s i o n .  Sample p r e p a r e d  t o  i d e n t i f y  any damaqe 
o r  p r e c i p i t a t e s  a s s o c i a t e d  w i t h  d i f f u s i o n .  
The specimen examined was j e t - t h i n n e d .  
F i g u r e  3.20-2-J shows a d e f e c t  ( a )  which resembles  t h o s e  s e e n  i n  
F i g u r e s  3.20-1-F and 3.20-1-G. The d i f f r a c t i o n  p a t t e r n  ( b )  c o n t a i n s  
o n l y  Si r e f l e c t i o n s .  
F i g u r e  3.20-2-K i s  a  sequence of  two photographs  i n  which a  p a r a l l e l  
p a i r  o f  l i n e a r  d e b r i s - t y p e  d e f e c t s  i s  v i s i b l e .  
The e l l i p s o i d a l  c i g a r  shaped " p r e c i p i t a t e s "  s e e n  i n  F i g u r e  3.20-1-1 
were n o t  observed i n  t h i s  sample,  n o r  w e r e  o t h e r  p r e c i p i t a t e s .  

SAMPLE 3  
Process ing  t r ea tmen t s  A ,  B ,  plasma e tched  t o  approximately 1 0 0  s1/0,  
p o l i s h  e t ched  t o  5 m i l s  from t h e  non-plasma e tched  s i d e  s ec t ioned  
and th inned  from t h e  non-plasma e tched  s i d e  t o  a l low e l e c t r o n  t r a n s -  
miss ion.  Sample prepared t o  i d e n t i f y  any l o c a l  damage a s s o c i a t e d  
wi th  plasma e t c h i n g .  
The sample was chemically po l i shed .  
F igu re  3.20-3-L i s  n sequence of f i v e  photographs ( a )  i l l u s t r a t i n g  
t h e  c o n t r a s t  a t  a  p l a n a r  o r  volumetr ic  d e f e c t  i n s i d e  t h e  t h i n  f o i l .  
The d i f f r a c t i o n  p a t t e r n  i s  shown i n  (b)  . 
Figure  3.20-3-M i s  a sequence of t h r e e  photographs ( a )  of t h e  same 
d e f e c t  seen i n  F igure  3.20-3-L, t aken  under d i f f e r e n t  d i f f r a c t i n g  
cond i t i ons  (b) (two d i f f e r e n t  ( 0 2 2 )  r e f l e c t i o n s  were used) . 
The c o n t r a s t  observed a t  t h e  d e f e c t  seen i n  F igu res  3.20-3-L(a) and 
3.20-3-M(a) i s  c l e a r l y  d i f f e r e n t ,  and could be due t o  i n t e r f a c e  
d i s l o c a t i o n s  a s s o c i a t e d  wi th  a  l a r g e  p r e c i p i t a t e .  However, no 
e x t r a  r e f l e c t i o n s  w e r e  observed i n  t h e  d i f f r a c t i o n  p a t t e r n s ,  s o  
t h a t  t h i s  conclusion should be regarded a s  t e n t a t i v e .  This  sample 
was a l s o  examined i n  t h e  AEM, bu t  t h i s  d e f e c t  ( o r  s i m i l a r  ones)  
could no t  be found. 
F igure  3.20-3-N shows a  c i g a r  shaped f e a t u r e  no t  u n l i k e  t hose  seen 
i n  sample 1. Fea tures  of t h i s  t ype  w e r e  a l s o  seen i n  t h e  AEM, b u t  
t h e  x-ray s p e c t r a  from s e v e r a l  of them showed nothing bu t  S i .  The 
n a t u r e  of t h e s e  d e f e c t s  i s  t h u s  d i f f i c u l t  t o  determine,  b u t  t hey  
do n o t  appear  t o  be p a r t i c l e s  of a  second phase ,  u n l e s s  t hey  con- 




Process ing  t r ea tmen t  A,  B I  C ,  D, e tched  i n  hydrochlor ic  t o  remove 
aluminum back c o n t a c t  fol lowed by a  p o l i s h  e t c h  t o  t h i n  t h e  wafer  
t o  5 m i l s  from t h e  back s i d e  s ec t ioned  and th inned  from t h e  back 
t o  a l low e l e c t r o n  t r ansmis s ion .  Sample prepared t o  i d e n t i f y  s u r -  
f a c e  damage a s s o c i a t e d  wi th  t h e  c lean ing  process .  
The specimen examined w a s  chemically po l i shed .  
F iqu re  - 3.20-4-P  i s  a  sequence o f  5 photographs ( a )  i l l u s t r a t i n g  a 
d e f e c t  r e s u l t i n g  from c u t t i n g  d e b r i s .  Its d i f f r a c t i o n  p a t t e r n  i s  
shown i n  (b )  . 
Figures  3.20-4-P and 3.20-4-Q show d e f e c t s  observed i n  a  t h i c k e r  
- 
p a r t  of t h e  f o i l .  The i r  o r i g i n  may be due t o  damage t o  t h e  f r o n t  
s u r f a c e  dur ing  t h e  brushing of t h e  aluininum. 
This  sample d i d  no t  con ta in  t h e  c i g a r  shaped f e a t u r e s  seen i n  samp- 
p l e s  1 and 3 .  
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Process ing t r ea tmen t  A ,  B, C ,  D, E,  F, e tched  i n  hydroch lo r i c  t o  
remove aluminum, e tched  i n  n i t r i c  a c i d  t o  remove s i l v e r ,  and e tched  
i n  hydrof2uori.c a c i d  t o  remove f r i t  under s i l v e r  c o n t a c t .  The 
wafer was then p o l i s h  e tched  from t h e  back t o  5 m i l s ,  s ec t ioned  
and thinned. from t h e  back t o  a l low e l e c t r o n  t r ansmis s ion .  Sample 
was prepared  from a goad q u a l i t y  c e l l  t o  i d e n t i f y  d i f f u s e d  s u r f a c e  
damage a s s o c i a t e d  wi th  t h e  s t anda rd  p roces s ing  t r ea tmen t .  
The sample examined was je t - th inned .  
F iqures  3.20-5-R, 3.20-5-5, 3.20-5-U and 3.20-5-V - show deb r i s -  
type  damage, a l though 3.20-5-V a l s o  c o n t a i n s  some smal l  c i g a r -  
shaped f e a t u r e s  ( a t  A and B) t h a t  could be  s i m i l a r  t o  t hose  
observed i n  samples 1 and 3. The d i f f r a c t i o n  p a t t e r n  (F igu re  
3.20-5-R(b) con ta ins  e x t r a  r e f l e c t i o n s  which are most l i k e l y  due 
t o  s u r f a c e  contaminat ion.  
Figure  3.20-5-T i l l u s t r a t e s  some l o c a l i z e d  d e f e c t s  which d i f f e r  
i n  appearance from d e b r i s  damage. These d e f e c t s  b e a r  some resem- 
blance t o  t h o s e  nea r  t h e  d e f e c t  l a b e l l e d  B i n  F igu re  3.20-G(a). 
Some of  t h e  damage observed i n  t h e s e  i l l u s t r a t i o n s  does appear 
t o  be due t o  t h e  process  handl ing ,  a l though  t h e  e f f i c i e n c y  of  t h e  
c e l l  w a s  high. 
I > i  f fu:;c.cl Sur f;tcc\ tIf t t\r 
!;(-r-c-c>n i n q  I.'rnn t C ' o r ~  t ,I(- t 
P r o c u s s i n g  krc?ntment A ,  U, C ,  D, E, e t c h e d  i n  h y d r o c h l o r i c  t o  
remove izlumixlum anci p o l i s l l  e t c h c t l  f rom t h e  f r o n t  t o  5 m i l s .  The 
sample  was t h e n  sectioned i n  t h c  a r e a  o f  a l n s c r  s c r i b e  l i n e  a n d  
t h i n n c d  i n  t h a t  a r e a  t o  a l l o w  c l c r t r on  t r a n s m i s s i o n .  Sample was 
p rcp ;~ rc .d  t o  d c t c r m i n r  Jamaqc n s s o c i n t c d  w i t h  lases s c r i b i n g .  
The snmplc cxamin~ ld  was j &.- thinned.  
Piqul-e  .1.20-6-W shows n b l o c k y  l ypc t ~ f  " p n r t i c l c  " (,lt f\ in Ficluuc? 
.-- - *. & --.- - 7  .L F - 
3.20-6-W (a) ) which was conln~orlJ y O ~ ~ S G P V C C ~  i n t h i s  sillllp3-e . S ~ ~ r f ~ ~ c c ?  
con tL~minn t . i on  was a lso e v i d e n t .  Tku d i f f r a c t i o n  pnt tc l -n  (b)  
c o n t a i n s  o n l y  Si r c f l c c t i o n s .  
F i t ~ u l - c  .3. 20-6-X i.1 l u s t  rL~tc:s whdt is  \ ~ i ~ r ~ ~ ~ c . s t . i c > n ~ ~ l ~ l \ ~  LI p r c c i y i t n t e  
. - . u r l C +  * ? *  - ~ * -  
(at: 1 % )  (pc>ss ib l  y an c l lu~n inu~n  pmc- iy  i t , < ~ C  c2) c o n t  a i n c d  w i t h i n  t h e  
snmp lc . T h e  pxt rql x-~t*llc.c-t i o n s  i n  t h e  Jj.f"f l - a c t i o n  p ; i t t c rn  ( b )  
c o n f i r m  t h i s  h y p o t h e s i s .  Exarninat i o n  01' LI lsrc'le a r e a  of t h i s  
s a ~ u p l c  ~3id  n u t  show t h e  prc?si?ncc' of' s i m i l c ~ r  p r e c i p i t n t c s ,  and it 
i s  t l l u s  S U S ~ Q G ~ C C ~  t l m t  t h e  p;~rt,.i.cLc s e e n  i n  Firyure 3 .20-6-X(a)  i s  
not LI r e p r e s e n t n t i v c  E u n t u r c  oi' thc: m i c r o s t r u c t u r s .  
P i g u r c  ___ - _ _ _ _  3.20-6-7L" - l_ly__._. shows thtr! sr~rnc r~>!lion s f  t h e  s i l n~p lo  under s l i i g h t l y  
difft11:cnt d i f  f ri-icting conci i t  i o n s  . Notc  t h d t  t h c  c o n t r a s t  o f  t h e  
m a t r i x  changes c i r a s t i c a l l y  , w h i l e  t h e  f a n t u r c  a t  C a p p e a r s  t h c  
s;tmtl i n  ( a )  a d  ( b )  . T h i s  i s  t y p i c a l  of s u r f a c c  conCnminc?tion. 
T l l i s  s i ~ m p l c  was c s s m i n c d  i n  t h e  AEN. Thc p a r t i c l e  i n  F i g u r e  
3.20-6-X(a) c o u l d  nt;t bc found .  Tllc x-ray s p e c t r a  fronl b l o ~ k y  
particles s u c h  a s  t h a t  st A i n  F i g u r e  3.20-6-W showed o n l y  t h e  
p r e s e n c e  of S i .  
:. 2 0 - 6 - S  
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SAMPLE 7  
P r o c e s s i n g  t r e a t m e n t  A ,  B I  C ,  D ,  E ,  I?, e t c h e d  i n  h y d r o c h l o r i c  t o  
rewove aluminum, e t c h e d  i n  n i t r i c  a c i d  t o  remove s i l v e r ,  e t c h e d  
i n  h y d r o f l u o r i c  a c i d  t o  remove f r i t ,  and p o l i s h  e t c h e d  from t h e  
back t o  5 m i l s .  The sample was t h e n  s e c t i o n e d  i n  t h e  a r e a  of  t h e  
ohmic b a r  and t h i n n e d  from t h e  back t o  a l l o w  e l e c t r o n  t r a n s m i s s i o n .  
Sample p r e p a r e d  t o  i d e n t i f y  damage a s s o c i a t e d  w i t h  d i f f u s e d  s i l i c o n  
s u r f a c e - - f r i t  o r  s i l v e r  i n t e r a c t i o n .  
The sample examined i n  t h e  JEM-200 was j e t - t h i n n e d ,  w h i l e  t h a t  
examined i n  t h e  AEM was c h e m i c a l l y  p o l i s h e d .  
F i g u r e  3.20-7-A i s  a  sequence o f  3  photographs  (a) o f  a  r e g i o n  
c o n t a i n i n g  a  d e f e c t  i n t e r m e d i a t e  i n  c h a r a c t e r  t o  t h o s e  s e e n  i n  
F i g u r e s  3.20-1-G(a) ,  3.20-5-T and 3.20-6-2. I t s  o r i g i n  i s  unknown, 
b u t  it may be an example o f  c u t t i n g  d e b r i s  r e l a t i v e l y  far from t h e  
c u t  s u r f a c e .  No e x t r a  r e f l e c t i o n s  were obse rved  i n  t h e  d i f f r a c -  
t i o n  p a t t e r n  ( b )  . 
F i g u r e  3.20-7-B shows examples of  b locky p a r t i c l e s  ( a t  A and B 
i n  F i g u r e  3.20-7-B(a)) which were n o t  commonly seen  i n  t h i s  sam- 
p l e .  No e x t r a  r e f l e c t i o n s  were obse rved  i n  t h e  d i f f r a c t i o n  p a t t e r n  
( b )  
F i g u r e  3-20-7-C shows a n o t h e r  example of  t h e  t y p e  o f  d e f e c t  s e e n  
i n  F i g u r e  3.20-7-A. 
F i g u r e s  - 3.20-7-D and 3.20-7-E show t h e  x-ray s p e c t r a  ( b )  t a k e n  from 
two blocky p a r t i c l e s  ( a ) .  The c h a r a c t e r i s t i c  peaks  a r e  l a b e l l e d .  
The p a r t i c l e  i n  F i g u r e  3.20-7-D(a) a p p e a r s  t o  c o n t a i n  S and K ,  
w h i l e  t h a t  i n  F i g u r e  3.20-7-E c o n t a i n s  S  b u t  n o t  K .  The Cu peaks  
( K a  and  KC) i n  F i g u r e s  3.20-'7-D(b) and 3.20-7-E(b) do n o t  o r i g i n a t e  
w i t h i n  t h e  sample. The o r i g i n  o f  t h e  S and K peaks  i s  n o t  c l e a r .  
The a n a l y s i s  of s i m i l a r  p a r t i c l e s  i n  Sample 8 s u g g e s t s  t h a t  S h e s c  
elcmcllts a r e  n o t  c o n f i n e d  t o  t h e  p a r t i c l e s ,  b u t  arc! p r e s o n t  i n  
t h e  m a t r i x  as w e l l .  T h i s  s u g g c s t s  t h a t  S and K were introd::ced ns 
s u r f a c e  con taminan t s ,  pe rhaps  i n  p r e p a r a t i o n  of t h e  spi?cimch,ns or 




process ing  t r ea tmen t  A ,  P I  e tched  i n  n i t r i c  ac i l l  t o  remove s i l v e r ,  
e t ched  i n  h y d r ~ f l u o r i c  a c i d  t o  remove f r i t  and p o l i s h  e tched  from 
t h e  back to 5 m i l s .  The sample was then  sec t ioned  i n  t h e  nrca  o f  
t h e  ohmic b a r  and thinned from t h e  back t o  al low e l e c t r o n  t r a n s -  
mission.  Sample prepared a s  a  c o n t r o l  f o r  sample #7 .  
A j e t - th inned  sample was examined i n  both t h e  51314-200 and 1 0 0  CX 
TEMSCAN e l e c t r o n  microscopes. A chemical ly  th inned  sample was 
a l s o  examined i n  t h e  l a t t e r  machine. 
F igu re  3.20-8-F i s  a  sequence of 2 photographs i l l u s t r a t i n g  d e b r i s  
damage. 
F iqu res  3.20-8-G t o  3.20--8-K show examples o f  p r e c i p i t a t e  like 
--A 
f e a t u r e s  which resemble t h e  c i g a r  shaped p a r t i c l e s  seen i n  F igu res  
3.20-1-1 and 3.23-3-N, though they  a r e  more rounded i n  shape,  They 
were q u i t e  videspread i n  t h i s  j e t - t h inned  sample. The d i f f r a c t i o n  
p a t t e r n s  i n  F igures  3.20-8-J(b) and 3.20-8-I<(b) con ta in  f a i n t  d x t r a  
r e f l e c t i o n s ,  sugges t ing  t h a t  t h e  p a r t i c l e s  may be t r u e  p r e c i p i t a t e s .  
F igure  3.20-8-L i s  a  sequence of 3  photographs taken  on t h e  1 C O  CX 
. 
TEMSCAN. The sample was chemically po l i shed  and t h e  reg ion  examined 
was unper fora ted  ( i . e . ,  it had no t  been po l i shed  long enough t o  pro- 
duce a  smal l  h o l e ) .  Only d e b r i s  damage was observed; t h i s  sample 
conta ined  no p r e c i p i t a t e s  i n  i t s  e l ec t ron - t r anspa ren t  reg ion .  The 
susp ic ion  he re  i s  t h a t  t h e  p r e c i p i t a t e s  seen i n  Fj-qures 3.20-8-G t o  
3.20-8-K may, i n  f a c t ,  be s u r f a c e  p a r t i c l e s  somehow produced du r ing  
specimen p repa ra t ion .  Th i s  may be t r u e  o f  many of  t h e  p a r t i c l e s  
observed i n  o t h e r  samples. 
F i g u r e  3.20-8-M _-- shows t h e  r e s u l t  of AEM o f  t h e  j e t - t h i n n e d  sample 
c o n t a i n i n g  t h e  a p p a r e n t  p r e c i p i t a t e s .  Arrows p o i n t  from each  spec-  
trum t o  t h e  r e g i o n  o f  t h e  sample from which it w a s  o b t a i n e d .  The 
two uppermost s p e c t r a  were t a k e n  from a  " p a r t i c l e "  and t h e  m a t r i x  
a d j a c e n t  t o  it. These s p e c t r a  a r e  v i r t u a l l y  i d e n t i c a l  w i t h  b o t h  
E and Ca i n  ev idence .  The lower  spect rum,  t a k e n  from a  b locky 
p a r t i c l e ,  shows no Ca and pe rhaps  a  minute  t r a c e  o f  S. S i  i s  t h e  
on ly  o t h e r  e lement  p r e s e n t  i n  a l l  c a s e s .  I t  i s  t h e  absence  of  
o t h e r ,  more l i k e l y ,  e l e m e n t s ,  p l u s  t h e  p r e s e n c e  o f  s i m i l a r  unex- 
p e c t e d  e lements  b o t h  i n s i d e  and o u t s i d e  t h e  p a r t i , c l e s ,  t h a t  s u g g e s t s  
t h e  a p p a r e n t  microchemis t ry  may be an  a r t i f a c t  o f  t h e  specimen 
p r e p a r a t i o n  r o u t i n e .  I t  may he due t o  r i n s i n g ,  o r  t o  d i s s o l u t i o n  
of t h e  p r o t e c t i v e  l a c q u e r s  used ,  fo l lowed  by washing.  Any of t h e s e  
s t e p s  could  l e a v e  r e s i d u a l  f i l m s  on t h e  s u r f a c e ,  even when cons id -  
e r a b l e  c a r e  i s  t a k e n ,  
Note t h a t  t h e r e  i s  no p a r t i c u l a r  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  r e l a -  
t i o n s h i p  between t h e  p a r t i c l e s  and t h e  m a t r i x .  T h i s  can  b e  
c o n s t r u e d  a s  a d d i t i o n a l  ev idence  t h a t  t h e y  a r e  a r t i f a c t s  r e s u l t i n g  






- - - -*--. 
l'roc-nssiny t r ~ c ~ t m c n t .  A ,  I3, (I, 13, e t c h c d  i n  hydrof luor icy  nc i t i  t o  
rtmave t h e  nluaillum and p o l i s h  o t c l ~ e d  from t h e  f r o n t  t . ~  5 m i l s .  
Thc ssmplc was then sccttiorlcd and t h i n n e d  from t h c  bask  about. 
1.0 \In\ and t h e n  khinncd from t h e  f r o n t  t o  a l l o w  c l e c t r o r ~  trrins- 
+ 
m i s s i c ~ n .  Sanlplc pl-cp,lrctl t o  L~Tlow csaruinat ion  of' t h o  Ii-1' inter- 
f noa . 
The snmplc cxnnlincd was j e t - t h i n n e d .  
F i g u r e  - ---- --a 3.20-9-N -L* "*,- w = -. shows a rcgioi41 con ka in iny  what i s  undotzbtccll y 
surfat-e, e a n t a ; ~ ~ i n a t i o n  ( a t  A i n  I"igt~rc, 3.20-9-N (a)  1 . Thc r l i f ' f ' ~ ~ i . ~ c ' -  
t ic>n p n t t c r n  (b) c o n t a i n s  f d i n t  cstrn  r c f l c c t i o n s .  
k'itrurc --.La.* - = 3.20-9-0 i s  r t .pscse=.nt ,~ t ive  t 3 f  many rcc) ians  01 t h i s  snlnple 
which contained larqcz a r e a s  consist in!^ iilmost c n t i s c l y  of sur fncc  
contc~minr~.kion.  Thc d i f  tract ion  p a t  k e r n  (b) c o n t a i n s  rnnny e x t r a  
ref lee. . t ions wlrich arc: i ' a i r l  y prominent .  
P i t lure  - - af,----.--p- 3.20-9-I? i s  n  sequenec of two photographs  t a k c n  from a  
n e a r l y  cant aminntion-free r s q i o n .  The r a p i d  v c r i n t i o n  of the f o i l  
t h i c k n e s s  i s  ~ ~ p p a r ~ n c  from the numcrsus t h i c k n e s s  e x t i n c t i n n  con- 
t o u r s .  
F i t ~ u r c  .3,20-9-~ shows t h e  x-ray spcct rum (b) f rom a contc~minnt  ion -  
- -I-.-_--YYLIN I. ---- .*?--- 
r i c h  region ( a )  . A smal l  amount of Fe i s  p r e s e n t .  T h i s  i r o n  i s  
due t o  t h e  i n ~ p u r i t i c s  i n  t h e  aluminum p a s t e .  
+ E ' l c k  P-P J l  
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Processing treatment A, B, @, D, etched in hydrofluoric acid to 
remove the aluminum and polish etched to 5 mils from the front. 
The sample was then sectioned and etched from the front to allow 
electron transmission. Sample prepared to allow examination of 
the pe aluminum interface. 
The sample examined was jet-thinned. 
Figures 3.20-10-R and 3.20-10-S are representative of what was 
observed. Surface contamination is evident in the micrographs 
(Figures 3.20-10-R(a) and 3.20-10-S (a) ) , and extra reflections 
are visible in the diffraction patterns (Figures 3.20-10-R(b) and 
3.20-LO-S(b)). Large contamination-free areas were not observed 
since the back surface was not etched. 
+ 
Back Alumincm - P 
S i l icon L u r f n c c  
3.21 CELL PROCESS VERIFICATION 
A number o f  w a f e r s  were p r o c e s s e d  a c c o r d i n g  t o  t h e  f a b r i c a t i o n  
sequence  d e p i c t e d  i n  T a b l e  3.21-1. These 1-3 52-cm w a f e r s  wcre 
d i f f u s e d  t o  25 t o  35 $?/[I, i n  a t u b e  f u r n a c e  a t  9 0 0 ~ ~ ;  t h e alumi-  
num p a s t e  was a p p l i e d  t o  t h e  ce l l  back and d r i e d  i n  an  oven and 
s i n t e r e d  i n  an I R  f u r n a c e ;  t h e  j u n c t i o n  was i s o l a t e d  by l a s e r  
s c r i b i n g  from t h e  back and b r e a k i n g ;  and t h e  s i l v e r  p a s t e  was 
d r i e d  and f i r e d  i n  an I R  f u r n a c e .  The r e s u l t a n t  d a t a  f o r  two 
s e p a r a t e  r u n s  a r e  shown i n  T a b l e  3.21-2. The f i r s t  set of  d a t a  
i s  t h e  average  o f  t h e  f i r s t  r u n ,  which c o n s i s t e d  o f  25 w a f e r s  
purchased from Smie l .  The remaining d a t a  comprise  t h e  r e s u l t s  
o f  t h e  second r u n ,  which c o n s i s t e d  s f  w a f e r s  purchased  from 
Smie l ,  NBG C o r p o r a t i o n  (Dymet) and Texas I n s t r u m e n t s .  Exper i -  
menta l  r e s u l t s  show t h a t  t h e  f i r s t  run  h a s  a  s l i g h t l y  g r e a t e r  
e l e c t r i c a l  performance t h a n  t h e  second d e s p i t e  t h e  f a c t  t h a t  
it h a s  a  s l i g h t l y  lower s h u n t  r e s i s t a n c e .  The second run gave  
i d e n t i c a l  resclts w i t h  a l l  t y p e s  o f  w a f e r s  used .  A 1 1  r u n s  
produced cel ls  which had e f f i c i e n c i e s  g r e a t e r  t h a n ,  o r  e q u a l  t o ,  
10 .8% w i t h o u t  s n  AR c o a t i n g ,  which i m p l i e s  t h a t  t h e s e  c e l l s  
would be  o v e r  1 4 8  w i t h  an AR c o a t i n g .  
I n  t h e  second v e r i f i c a t i o n  run  t h e  wafe r  l o t s  w e r e  d i f f u s e d  a t  
a v a r i e t y  o f  t e m p e r a t u r e s  and AR c o a t e d  w i t h  e v a p o r a t e d  SiOx. 
Tab le  3.21-3 i s  t h e  averagc  and s t a n d a r d  d e v i a t i o n  o f  t h e s e  l o t s .  
These l o t s  wcre p r o c e s s e d  u s i n g  850, 875, 900 and 9 2 5 O ~  a s  t h e  
d i f f u s i o n  d r i v e  i n  t e m p e r a t u r e .  There  a p p e a r s  t o  be  a  s l i g h t  
d e g r a d a t i o n  i n  Voc a s  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  from 850 t o  
9 2 5 " ~ ~  b u t  t h e r e  does n o t  c ' 4 ~  ? e a r  t o  be  any s i g n i f i c a n t  l o s s  o f  
c u r r e n t  a t  l o a d  (500 m V ) .  Histograms o f  t h e  b e ~ t  l o t  a t  e a c h  
d i f f u s i o n  t e m p e r a t u r e  a r e  g iven  i n  F i g u r e s  3.21-A, B ,  C ,  and D ,  
and t h e  I-V c h a r a c t e r i s t i c s  o f  ce l l s  from e a c h  l o t  a r e  g iven  
i n  F i g u r e s  3.21-E, F ,  G and H .  
Table 3.21-1 
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F i g u r e  3.21-E 
VOLTAGE (VOLTS x-E) 3Q2
Di f fu sed  f o r  25 min. at 3 7 5 ' ~  
Area = 28.45 cm 
Figure 3.21-F 
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Process ing problems seem t o  be i n d i c a t e d  by c u r r e n t  a t  load  
v a r i a t i o n s  between d i f f e r e n t  l o t s  d i f f u s e d  a t  t h e  same tempera- 
t u r e ,  and by l a r g e  s t anda rd  d e v i a t i o n s  o f  t h e  low l o t s .  The 
c e l l  l o t  d i f f u s e d  a t  9 2 5 O ~  f o r  Tour minutes had a very t h i n  
aluminum back s u r f a c e  which made e l e c t r i c a l  t e s t i n g  very d i f f i -  
c u l t  and makes t h e  d a t a  ques t ionab le .  Although some problems 
d i d  a r i s e  dur ing  t h e s e  v e r i f i c a t i o n  r u n s ,  most l o t s  r e s u l t e d  i n  
high y i e l d  ( f o r  a  non-mechanized process )  and high average 
e f f i c i e n c y  ( -  1 4 % )  c e l l s .  I t  i s  be l i eved  t h a t  t h e  process  
sequence descr ibed  i n  Table  3.21-1 i s  capable  ~f producing 159 
c e l l s  w i t h  a  90% y i e l d .  
Two a d d i t i o n a l  v e r i f i c a t i o n  runs  were performed with  1 0 0  (7-14 
sl-cm) wafers each.  These l o t s  were u t i l i z e d  t o  f a b r i c a t e  a  200  
c e l l  pane l .  The c e l l  p roces s ing  was t h e  same a s  t h a t  of t h e  f i r s t  
run and an AR coa t ing  was app l i ed  by evapora t ing  S i O x .  An average 
e f f i c i e n c y  i n  excess  of 1 4 %  was achieved wi th  both v e r i f i c a t i o n  
runs ,  us ing  t h i s  p rocess  sequence. These two hundred wafers  were 
processed i n  accordance wi th  Table 3.21-1 except  f o r  t h e  AR coa t -  
ing .  The fol lowing paragraph i s  a  d e t a i l e d  explana t ion  of t h i s  
sequence. 
The f i r s t  p rocess ing  s t e p  i s  s u r f a c e  p r e p a r a t i o n  which c o n s i s t s  
of  p l a c i n g  t h e  wafers  i n  30% NaOB f o r  20 minutes ,  fa l lowed by 
20% WC1 f o r  15 minutes.  Junc t ion  formation i s  achieved by spin-  
ning on PX-10 d i f f u s i o n  source ,  fol lowed by dry ing  f o r  15 minutes 
a t  150°c, and d i f f u s i n g  a t  4 0 0 ~ ~  f o r  a  t o t a l  t i m e  of 13 minutes.  
The aluminum P' back i s  p r i n t e d ,  and then  I R  d r i e d  and f i r e d  a t  
a  b e l t  speed of  3611/min., wi th  t h e  f o u r  zones s e t  a t  5 0 0 ~ ~ .  8 0 0 ~ ~ ~  
875O~,  and 875Oc, r e s p e c t i v e l y .  Following t h i s  s t e p ,  t h e  aluminum 
back i s  c leaned  i n  1 0 %  BF f o r  4 minutes followed by 2% PX40H f o r  
30 seconds. The excess  aluminum was removed by b rush ing ,  The 
next  p rocess ing  s t e p  i s  l a s e r  s c r i b i n g  t o  i so la te  t h e  j unc t ion ,  
fol lowed by a f r o n t  s u r f a c e  c l ean ing  s t e p  t o  remove excess  
aluminum p a r t i c l e s .  The f r o n t  Ag c o n t a c t s  a r e  p r i n t e d ,  and 
t h e  I R  d r i e d  and f i r e d  a t  a b e l t  speed of  48"/min., wi th  t h e  
fou r  zones set a t  0, 800°c, 550°c, and 750°c, r e s p e c t i v e l y .  The 
SiOk AR coa t ing  i s  a p p l i e d  t o  t h e  c e l l s  by evapora t ion .  This  
completes t h e  c e l l  f a b r i c a t i o n  sequence u t i l i z e d  i n  t h e  v e r i f i -  
c a t i o n  runs.  
A f t e r  t h e  completion of  t h e  v e r i f i c a t i o n  runs ,  e l e c t r i c a l  per-  
formance da t a  was ob ta ined  and s t a t i s t i c a l l y  eva lua t ed .  His to-  
grams of  IscI 'ocf I500 and Rsh f o r  t h e  two l o t s  a r e  p r e s c ~ t e d  
i n  F igures  3.21-1 and 3.21-J, r e s p e c t i v e l y .  
A f i n a l  v e r i f i c a t i o n  run was performed with  509 wafers .  This  l o t  
was processed i d e n t i c a l l y  t o  t h e  preceding trvo l o t s ,  d i s cus sed  
above. During I R  f i r i n g  of  t h e  aluminurn P' back,  it was discovered 
t h a t  khe f i r i n g  temperature  had been set t o o  low. A t o t a l  of 132 
wafers  were f i r e d  i n c o r r e c t l y  be fo re  t h e  tempera ture  v a r i a t i o n  was 
d i sc losed .  The remaining wafers  were processed i n  accordance wi th  
our  p rocess  sequence. Table 3.21-4 l i s t s  t h e  percen tage  y i e l d  
dur ing  t h e  process  sequence. The as-sawed wafers  had f r a c t u r e s  
a long t h e  edges  which has  t h e  i n f l u e n c e  of  reducing t h e  y i e l d .  
Some o f  t h e  processed c e l l s  were s e l e c t e d  f o r  AR c o a t i n g  and 
s o l d e r i n g  of f r o n t  t a b s ,  some were on ly  AR coa t ed  whi le  some were 
no t  AR coa ted  a t  a l l  ( a t  t h e  r e q u e s t  of J P L )  . These c e l l s  have 
been s e n t  t o  JPL f o r  eva lua t ion .  Table  3.21-5 l i s t s  t h e  VoC, ISC, 
'500 and Rsh of a l l  t h e  c e l l s  p r i o r  t o  AR c o a t i n g  and t h e  s e l e c t e d  
c e l l s  t h a t  were AR coa ted ;  F igu re  3.21.-K i s  t h e  his togram of t h e  
AR coa ted  c e l l s .  
F i g u r e  3.21-1 
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Figu re  3.21-J 
Table 3.21-4 
PROCESS SEQUENCE 
SURFACE PREPARATION 7 
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Figu re  3.21-K 
Some of t h e  c e l l s  have very  low V o c t s  ( t h e s e  cel ls  were no t  
chosen t o  be AR c o a t e d ) .  These c e l l s  a r e  be l i eved  t o  be i nd i ca -  
t i v e  of t h e  temperature  response of t h e  I R  fu rnace  under heavy 
load .  The optimum f i r i n g  cond i t i ons  f o r  aluminum P' back c o n t a c t s  
were a r r i v e d  a t  wi th  smal l  l o t s  (less than  f i f t y  wafers)  and may 
no t  be  t h e  optimum cond i t i ons  f o r  continuous f i r i n g  of P' c o n t a c t s .  
ECONOP.4IC EVALUATION 
Of t h e  processes  s t u d i e d  we have recommended t h a t  t h e  fo l lowing  be 
r e t a ined :  
Spray on d i f f u s i o n  
P r i n t  and f i r e  aluminum P' back 
Clean 
P r i n t  and f i r e  s i l v e r  f r o n t  c o n t a c t  
Apply t i n  pad t o  aluminum back 
These process  s t e p s  a r e  eval.uated i n  t h i s  s e c t i o n  us ing  t h e  IPEG 
equa t ion .  The a n a l y s i s  i s  summarized i n  Table  3.22-1. A l l  c o s t s  and 
p r i c e s  a r e  expressed i n  1975 d o l l a r s .  The t o t a l  c o s t  f o r  t h e  f i v e  
process  s t e p s  considered i s  $0.0625 pe r  peak w a t t  a t  1 0 0 %  y i e l d .  
Assuming a  budget of $0.15 f o r  c e l l  f a b r i c a t i o n ,  $0.0875 i s  l e f t  f o r  
t h e  miss ing processes  o f :  
Sur face  p repa ra t ion  
Junc t ion  c l ean ing  
AR coa t ing  
Tes t ing  
and y i e l d  l o s s e s .  The assumptions and i n p u t s  t o  Table  3.22-1 a r e  
d i scussed  i n  t h e  fol lowing paragraphs.  
3.22.1 General ~ s s u m p t i o n s  
It i s  assumed 
wi th  an encaps 
t h e r e f o r e  1 .34 
week, 50 weeks 
a r e  assumed t o  
p e r  minute. A 
quirements p e r  
mode. 
t h a t  t h e  s o l a r  c e l l s  being produced a r e  4 inch  squares  
u l a t e d  e f f i c i e n c y  of  138. The peak ou tpu t  p e r  c e l l  i s  
wat t s .  The f a c t o r y  i s  assumed t o  o p e r a t e  7 days pe r  
per  yea r .  ~ u r i n g  t h i s  ope ra t ing  per iod  a l l  p rocesses  
have a machine "up" t ime r a t i o  of 0 . 9 0  o p e r a t i n g  minut 
s h i f t  f a c t o r  of 4 has  been used t o  conve r t  l a b o r  r e -  
s h i f t  t o  t h a t  r equ i r ed  f o r  t h e  s p e c i f i e d  ope ra t ing  
Input  c o s t s  ( o t h e r  than  c a p i t a l  equipment) were taken  wherever 
p o s s i b l e  from t h e  SAMICS c a t a l o g .  When c o s t s  were n o t  a v a i l a b l e  
Table 3.22-1 
DOLLARS PER WATT CONTRIBUTION OF F I V E  C E L L  PROCESS STEPS 
-- 
- 
$(I9751 / YR 
.0018 .0004 .0004 
UTIL, 63,640 4,550 205 4,770 340 $(I9751 / YR 
P (IPEG) 0 . 0136 ,0097 ,0078 , 0242 . 0072 ,9625 $(1975)/ WP 
* $(I9751 PE WATT CONTRIBU ION FOR THIS LEMENT , 1 






























































i n  t h e  c a t a l o g ,  u s e  was made of  a c t u a l  p u r c h a s e s  o r  vendor q u o t e s .  
I n p u t s  and t h e i r  p r i c e s  a r e  g i v e n  i n  T a b l e  3 .22 -2 .  Equipment 
2nd c ~ u i p m e n t  c o s t s  a r e  i d e n t i f i e d  i n  t h e  t e x t .  ~ q u i p m e n t  c o s t s  a r e  
based  on d i s c u s s i o n s  w i t h  vendors  where comparable equipment e x i s t s .  
Adjustments  were e s t i m a t e d  f o r  a n t i c i p a t e d  m o d i f i c a t i o n s .  Where 
t h i s  cou ld  n o t  be  done,  e s t i m a t e s  o f  equipment  c o s t s  were made by 
S p e c t r o l a b .  Equipment c o s t s  have been a d j u s t e d  t o  i n c l u d e  e s t i m a t e d  
i n s t a l l a t i o n  c o s t s  and s a l v a g e  v a l u e .  A l l  i n p u t  c o s t s  were reduced  
t o  1975 d o l l a r s  u s i n g  a n  a v e r a g e  annua l  i n f l a t i o n  r a t e  o f  8 .75%.  
3.22.2 D i f f u s i o n  
The d i f f u s i o n  s t a t i o n  c o n s i s t s  of  a  Zicon s o u r c e  s p r a y  sys tem f e e d i n g  
seven b e l t  d i f f u s i o n  f u r n a c L s  w i t h  a n  o u t p u t  r a t e  o f  75 c e l l s  p e r  
o p e r a t i n g  minute.  The a n n u a l  o u t p u t  o f  t h e  s t a t i o n  i s  34,020,000 
ce l ls  o r  45.6 MW p e r  y e a r .  
pk 
The equipment c o s t  i s  e s t i m a t e d  t o  b e  $160,000 f o r  t h e  s p r a y  s t a t i o n  
and $35,000 p e r  f u r n a c e  equipment ( i n c l u d i n g  t r a n s f e r  mechanisms).  
The t o t a l  equipment c o s t  i s  t h e r e f o r e  $405,000. 
The s p r a y  s t a t i o n  w i l l  r e q u i r e  450 s q u a r e  f e e t  o f  f l o o r  space .  The 
f u r n a c e  b e l t s  a r e  assumed t o  be 26" wide t o  hand le  6  c e l l s  s i d e  by 
s i d e .  The t h r u p u t  r a t e  i s  10.7  c e l l s  p e r  minu te ,  r e q u i r i n g  a  b e l t  
speed  of 7.143 i n c h e s  p e r  minute .  I f  t h e  d w e l l  t i m e  i s  3 0  minu tes  
t h e  f u r n a c e  l e n g t h  i s  r e q u i r e d  t o  b e  18 f e e t .  Allowing an  e x t r a  10  
f e e t  f o r  ramp, l o a d i n g  and un load ing  and a  w i d t h  of  6  f e e t  g i v e s  a  
s p a c e  requ i rement  o f  170 s q u a r e  f e e t  p e r  f u r n a c e  o r  1190 s q u a r e  f e e t  
f o r  7  f u r n a c e s .  The t o t a l  s p a c e  r e q u i r e d  i s  t h e r e f o r e  1640 s q u a r e  f t .  
Labor r equ i rements  a r e  e s t i m a t e d  t o  b e  0 .5  p e r s o n / s h i f t  of  assembly 
o p e r a t o r  l a b o r  f o r  t h e  s p r a y  s t a t i o n  and 0.214 p e r s o n s  p e r  s h i f t  f o r  
e a c h  d i f f u s i o n  f u r n a c e  o r  a  t o t a l  o f  8 p e r s o n  y e a r s .  Maintenance 
p e r s o n n e l  r equ i rements  a r e  e s t i m a t e d  t o  b e  0 . 1  p e r s o n / s h i f t  f o r  
t h e  s p r a y  s t a t i o n  and 0.04 p e r s o n / s h i f t  f o r  each f u r n a c e ,  o r  a  t o t a l  
o f  1 . 5  person y e a r s .  I t  i s  e s t i m a t e d  t h a t  0.25 p e r s o n / s h i f t  w i l l  b e  
r e q u i r e d  f o r  i n s p e c t i o n  o f  t h e  combined d i f f u s i o n  p r o c e s s ,  o r  1 
p e r s o n  y e a r .  The t o t a l  annua l  l a b o r  c o s t  i s  t h e n :  
Table 3.22-2 
INPUTS (OTHER THAN CAPI TAL EQUI PMENT) 
FOR PROCESS SEQUENCE AND T H E I R  P R I C E S  
8  x $ 7450 = $59600 f o r  o p e r a t o r s  
1 . 5  x 10850 = 16275 f o r  maintenance  
1 x 7585 = 7585 f o r  i n s p e c t i o n  
TOTAL $83460 
Assuming a  spray-on l a y e r  of d i f f u s i o n  s o u r c e  0.2 u t h i c k  and a  
7 7 
30% s p r a y  l o s s ,  (4- x 2.54- x 2  x x 75 i 0 .7 )  = 0.22 cc/min. 
o r  100 l i t e r s  p e r  y e a r  a r e  r e q u i r e d  a t  an  e s t i m a t e d  c o s t  
of  $6 p e r  l i t e r  o r  $600 p e r  y e a r .  N i t r o g e n  g a s  r e q u i r e m e n t s  a r e  
e s t i m a t e d  t o  b e  0 .5  c u b i c  feet  p e r  minu te  f o r  t h e  s p r a y  s t a t i o n  and 
1 . 5  c u b i c  f e e t  p e r  minute  f o r  e a c h  f u r n a c e ,  f o r  a  t o t a l  of  11 c u b i c  
f e e t  p e r  minu te  o r  5,544,000 c u b i c  f e e t  p e r  y e a r .  The e q u i v a l e n t  
amount o f  l i q u i d  n i t r o g e n  i s  8580 c u b i c  f e e t  ( d e n s i t y  of  l i q u i d  = 
0.8081 gm. p e r  c c ,  d e n s i t y  of  g a s  = 1.2506 gm. p e r  1.). A t  a  p r i c e  
o f  $0.33 p e r  c u b i c  f o o t ,  t h e  a n n u a l  c o s t  f o r  n i t r o g e n  g a s  w i l l  b e  
$2850. I n  a  l i k e  f a s h i o n  t h e  r e q u i r e m e n t  of  0.15 c u b i c  f e e t  p e r  
minu te  of  oxygen f o r  each  f u r n a c e  t r a n s l a t e s  i n t o  550,000 c u b i c  f e e t  
p e r  y e a r .  T h i s  i s  e q u i v a l e n t  t o  684 c u b i c  f e e t  o f  l i q u i d  oxygen. 
A t  $0.33 p e r  c u b i c  f e e t  t h e  a n n u a l  c o s t  f o r  oxygen i s  $225. T o t a l  
m a t e r i a l  c o s t  i s  t h e r e f o r e  $3675. 
E l e c t r i c  power consumption i s  e s t i m a t e d  a t  40 kW p e r  h o u r  p e r  f u r n a c e  
o r  2,352,000 kW hours  p e r  y e a r .  A t  $0.027 p e r  k i l o w a t t  h r .  t h e  annua l  
e l e c t r i c a l  c o s t  w i l l  b e  $63,640. 
Applying t h i s  d a t a  t o  t h e  I P E G  e q u a t i o n  g i v e s  a t o t a l  c o s t  o f  
( .49  x 405,000 + 97 x 1640 + 2 . 1  x  89550 
6  + 1 . 3  x 4220 + 1 . 3  x  75264) / (45 .6  x  10  ) 
= 0.014 p e r  peak w a t t .  
3 .22 .3  Aluminum Back Contac t  
The aluminum back c o n t a c t  s t a t i o n  c o n s i s t s  o f  a n  a u t o m a t i c a l l y  f e d  
s c r e e n  p r i n t e r  which a u t o m a t i c a l l y  d i s c h a r g e s  i n t o  a n  i n f r a - r e d  b e l t  
f u r n a c e .  A f t e r  f i r i n g , t h e  w a f e r s  a r e  loaded  i n t o  a  cassette. The 
o u t p u t  r a t e  i s  25 ce l l s  p e r  o p e r a t i n g  minu te  w i t h  a  machine "up" 
t i m e  r a t i o  of 0.90. The annua l  o u t p u t  i s  11,340,000 ce l ls ,  o r  15 .2  
MW p e r  y e a r .  
pk 
The equipment costs are estimated to be: 
Printer $17,000 




Floor space requirement is estimated to be 350 square feet. 
Labor requirement is estimated to be 0.33 assembly operators per shift. 
- 
Maintenance personnel requirements are estimated to be 0.2 maintenance 
technicians per shift. It is estimated that 0.2 persons per shift 
will be required for inspection. Labor cost is therefore: 
1.32 x 7450 = $ 9,835 for operators 
0.8 x10825 = 8,660 for maintenance 
0.8 x 7585 = 6,070 for inspections 
TOTAL 
Material inputs for the aluminum back process consist of aluminum 
paste, squeegees and printing screens. Using a coverage factor of 
1.50 srams of aluminum paste per 100 square centimeters gives a re- 
- 
quirement of 1.54 grams per wafer or 17,500,000 grams per year. At 
a cost of $1.35 per kilogram, the annual cost would be $23,625. 
Squeegee requirements are estimated to be 2 per week &lnd screens, 1 
per day . 100 squeegees and 350 screens will be required per year. 
- 
The annual costs would be $35 for squeegees and $1480 for screens. 
Total material cost per year would therefore be $25,140. 
Power requirements are estimated at 20 kil.owatts, totalinq 
168,000 kW hrs per year for $4550. 
Applying the IPEG equation gives a cost contribution of $0.0099 for 
this process step. 
i 
3.22.4 Clean Aluminum Back and Remove Oxide 
The cleaning station is comprised of 5 chemical and rinse tanks with 
a - 
automatic transfer, two rinse and dry spinners, a vacuum brush and 
cassette loading station. Output rate is estimated to be 50 wafers 
pel- operating minute generating an annual output of 30.4 MW pk 
319 
Equipment c o s t  i s  es t imated  t o  be: 
Tank Assembly 
2  Spinners  
Vacuum Brush 
C a s s e t t e  Loader 
TOTAL 
F loor  space  a l l o c a t i o n  i s  300 sq .  f t .  Labor requirements  a r e  
p r o j e c t e d  t o  be: 
Chem. Operator 1 p e r s o n / s h i f t  
Maintenance 0.25 p e r s o n / s h i f t  
I n spec t ion  0.25 p e r s o d s h i f t  
The annual  l abo r  c o s t  i s  then :  
4 x 9240 = $36,960 f o r  o p e r a t o r s  
J. x 10825 = 19,825 f o r  maintenance 
1 x 7585 = 7,585 f o r  i n spec t ion  
TOTAI, $55,370 
Mate r i a l s  consumptions p e r  ope ra t ing  minute i s  es t imated  t o  be 0.6 
cub ic  f e e t  of de ion ized  wa te r ,  0.03 pounds pe r  minute of Hydrof lor ic  
a c i d ,  0.06 cubic  f e e t  p e r  minute of ammonium hydroxide,  0.006 pounds 
p e r  minute of a c e t i c  a c i d  and 71.7 cubic  f e e t  p e r  minute of n i t r o g e n  
gas .  These t r a n s l a t e  i n t o  t h e  fo l lowing  annual  requirements and 
c o s t s :  
~ e i o n i z e d  Water 136,080 cu.  f t .  $21,500 
Hydrof lor ic  a c i d  13,608 l b s  5,980 
~mmonium hydroxide 27,216 cu.  f t .  6,575 
Ace t i c  ac id  2,722 l b s .  67 0 
~ i q u i d  n i t r o g e n  50,332 eu. f t .  16,600 
T o t a l  m a t e r i a l  c o s t  $51,325 
Power requirement  i s  e s t ima ted  t o  be 1 kW o r  7560 kW h r .  pe r  y e a r ,  
a t  a  c o s t  of $205. 
3.22.5 Front  Contacts  
The process ing  s t a t i o n  f o r  applying f r o n t  c o n t a c t s  c o n s i s t s  of  an 
automat ic  sc reen  p r i n t e r  feed ing  i n t o  an in f r a - r ed  b e l t  fu rnace .  
Output  r a t e  i s  e s t i m a t e d  a t  25 p e r  o p e r a t i n g  minu te  l e a d i n g  t o  an  
annual  o u t p u t  o f  15.2 MW pk ' Equipment c o s t  i s  e s t i m a t e d  t o  b e  
$17.000 f o r  t h e  p r i n t e r  and 19,500 f o r  t h e  i n f r a , - r e d  f u r n a c e .  F l o o r  . . 
space  requ i rement  is e s t i s a t e d  a t  320 s q u a r e  f e e t .  
Labor r e q u i r e m e n t  f o r  t h i s  p r i n t i n g  p r o c e s s  i s  t h e  same a s  t h a t  f o r  
t h e  aluminum back c o n t a c t  p r o c e s s  (pa ragraph  3.21.3) , $24,565 p e r  
y e a r .  
M a t e r i a l  i n p u t s  c o n s i s t  o f  s i l v e r  p a s t e ,  p r i n t e r  squeegees  and 
s c r e e n s .  Usinq a  coverage  r a t i o  of 80 s q u a r e  c e n t i m e t e r s  p e r  gram 
of  s i l v e r  p a s t e  and a  f a c t o r  of  0.08 f o r  coverage  o f  t h e  f r o n t  s u r -  
- 
f a c e  g i v e s  a requ i rement  of  0.10 grams o f  s i l v e r  p a s t e  p e r  c e l l  o r  
2.58 grams p e r  o p e r a t i n g  minute.  A squeegee  rep lacement  r a t e  o f  2  
p e r  week and a  s c r e e n  rep lacement  r a t e  of  1 p e r  day a r e  assumed. The 
a n n u a l  m a t e r i a l s  c o s t s  a r e  t h e r e f o r e :  
S i l v e r  p a s t e  1 ,170 ,578  grams $199,000 
Squeegees 100 e a .  35 
S c r e e n s  350 ea. 1 480 --
TOTAL $200,515 
Power requ i rements  a r e  e s t i m a t e d  t o  b e  15  kW o r  126,000 kW h r s  p e r  
y e a r  f o r  a  t o t a l  c o s t  of  $4770. 
3.22.6 Apply Tin  A l l o y  S o l d e r  Pad 
The s t a t i o n  f o r  a p p l y i n g  t h e  t i n  a l l o y  pad t o  t h e  aluminum back 
c o n s i s t s  o f  a n  u l t r a s o n i c  s o l d e r  head mounted on a  h e a t e d  p l a t o n .  
The s t a t i o n  i s  f e d  by a n  a u t o m a t i c  p i c k  and p l a c e  mechanism from t h e  
p r e c e d i n g  s t a t i o n  and d i s c h a r g e s  t o  t h e  succeed ing  s t a t i o n  by a 
- 
s i m i l a r  mechanism. Output  r a t e  i s  2 5  cel ls  p e r  m i n u t e  f o r  a n  a n n u a l  - - 
p r o d u c t i o n  o f  15.2 MW The c o s t  o f  a  s t a t i o n  is  e s t i m a t e d  t o  b e  pk'  
$12750 p l u s  $10,000 f o r  a u t o m a t i c  s t a t i o n  t r a n s f e r  mechanisms. The 
s p a c e  requ i rement  i s  e s t i m a t e d  t o  b e  300 s q u a r e  f e e t .  
Labor requirements are estimated to be 0.5 semiconductor assembler 
per shift, 0.2 maintenance technicians per shift and 0.25 inspectors 
per shift. The annual labor cost is thus: 
2 x 7450 = $14,900 for operators 
0.8 x 10825 = 8,660 for maintenance 
1 x 7585 = 7,585 for inspection 
TOTAL $31,145 
Material input consists of 0.055 grams of tin - 2% zinc alloy per 
wafer. The annual usage is 24,950 grams per year with a cost of 
$2550. 
Power requirements are estimated to be 1.5 kN for an annual usage 
of 12600 kW hrs at a cost of $340. 
. 
4 . 0  CONCLUSIONS 
4 . 1  INTRODUCTION 
Deta i led  t e c h n i c a l  conc lus ions  and recommendations r e l a t i n g  t o  t h e  
processes  i n v e s t i g a t e d  a r e  inc luded  i n  t h e  a p p r o p r i a t e  s a c t i o n s  
of Chapter  3 .  I n  t h i s  chap te r  d i s c u s s i o n s  w i l l  be l i m i t e d  t o  
s a l i e n t  f e a t u r e s  regard ing  t echno log ica l  r e a d i n e s s  and c o s t  e f f c c -  
t i v e n e s s  of  t h e  e n t i r e  p rocess  sequence. 
4 . 2  CELL FABRICATION 
The use  o f  a  condensed phase polymeric d i f f u s i o n  source  was shown 
t o  be s a t i s f a c t o r y  f o r  junc t ion  format ion from both technology 
r ead ines s  and c o s t  e f f e c t i v e n e s s .  The use  of  a  p r i n t e d  d i e l e c t r i c  
d i f f u s i o n  mask was found t o  be u n s a t i s f a c t o r y  because of t e c h n i c a l  
d e f i c i e n c i e s .  
The use of a  P+ back s u r f a c e  formed by f i r i n g  p r i n t e d  p a s t e  alumi- 
num and us iny  t h e  aluminum f o r  t h e  back c o n t a c t  was found t o  be 
c o s t  e f f e c t i v e .  U s e  s f  t h e  r e s i d u a l  aluminum f o r  t h e  back c o n t a c t  
r e q u i r e s  t h e  i n t r o d u c t i o n  of a c l ean ing  p roces s  f o r  t h e  aluminum 
and t h e  a p p l i c a t i o n  of a  t i n  pad t o  which so lde red  in t e r connec t  
c o n t a c t s  can be nade. S a t i s f a c t o r y  processes  f o r  t k s e  purposes 
were developed,  a l though t h e  wet chemist ry/brushing process  f o r  
c l ean ing  t h e  aluminum can perhaps be improved on by some d ry  pro- 
c e s s  such a s  plasma e t ch ing .  
Screen p r i n t e d  s i l v e r  f r o n t  c o n t a c t s  were f u r t h e r  developed t o  a  
s t a t e  of technoloyy r e a d i n e s s .  T h i s  p roces s  was found t o  be c o s t  
e f f e c t i v e .  However, t h e  h igh  and r i s i n g  p r i c e  of s i l v e r  makes t h e  
development of a  s u i t a b l e  base  metal p r i n t i n g  ink  d e s i r a b l e .  The 
a s s o c i a t e d  processes  us ing  p r i n t e d  wraparound i n s o l a t i o n  d i e l e c t r i c  
and conductors  w e r e  r e j e c t e d  because of t e c h n i c a l  d e f i c i e n c i e s  i n  
t h e  p r i n t e d  d i e l e c t r i c .  
I?etcntion of t h e  d i f f u s i o n  ox ide  t o  s e rve  a s  an a n t i r e f l e c t i v e  
c o a t i n g  was found t o  be n o t  f e a s i b l e  because of i n a b i l i t y  of  t h e  
p r i n t e d  metal  t o  make s a t i s f a c t o r y  c o n t a c t  t o  t h e  s i l i c o n .  This  
f a i l u r e ,  t o g e t h e r  wi th  f a i l u r e  of t h e  p r i n t e d  d i e l e c t r i c  d i f f u -  
s i o n  mask, r e q u i r e s  t h e  i n t r o d u c t i o n  of p roces ses  f o r  j unc t ion  
c l ean ing  and AR coa t ing  i n t o  t h e  process  sequence. Laser  s c r i b -  
i n g  o r  plasma e t c h i n g  f o r  junc t ion  c l e a n i n g  and t h e  use  o f  a  
spray-on polymeric source  conver ted by o x i d a t i v e  f i r i n g  fox AR 
coa t ing  a r e  be l i eved  t o  be s u i t a b l e  p roces ses  i n j e c t a b l e  i n t o  
t h e  sc reen  p r i n t i n g  process  sequence. The use of a chemical 
vapor depos i t ed  AR coa t ing  i s  an a l t e r n a t i v e  p o s s i b i l i t y .  
Shee t  m a t e r i a l  which w i l l  be a v a i l a b l e  i n  1986 may no t  have a n  
o r i e n t a t i o n  s u i t a b l e  f o r  forming a  t e x t u r e d  s u r f a c e .  Su r f aces  
of t h e s e  m a t e r i a l s  may be formed du r ing  t h e  s h e e t  growth p roces s ,  
e l i m i n a t i n g  t h e  need f o r  a  damage removal e t c h .  I t  w i l l ,  however, 
be d e s i r a b l e  t o  have n s u r f a c e  t r ea tmen t  immediately p r i o r  t o  
i n t roduc ing  t h e  shee t  m a t e r i a l  i n t o  t h e  d i f f u s i o n  process  which 
produces a  "s tandard"  s u r f a c e  c o n d i t i o n ,  t he reby  e l i m i n a t i n g  one 
source  of v a r i a b i l i t y .  We recommend t h a t  plasma e t ch ing  be con- 
s i d e r e d  f o r  t h i s  purpose. 
The c e l l  f a b r i c a t i o n  sequence shown i n  Table  4 , 2 - 1  i nco rpo ra t e s  
t h e  conc lus ions  and recommendations stemming from t h e  work 
desc r ibed  i n  t h i s  r e p o r t .  I t  i s  recommended t h a t  t h i s  p roces s  
sequence be f u r t h e r  developed and i n t e g r a t e d .  
4 . 3  MODULE DESIGN AND FABRICATION 
The module assembly process  i n v e s t i g a t e d  (adhes ive  a t tachment  of 
c e l l s  t o  g l a s s  s u p e r s t r a t e  followed by a p p l i c a t i o n  of a  p r o t e c t i v e  
polymeric c o a t i n g )  i s  a t e c h n i c a l l y  f e a s i b l e  process .  The l a c k  of  
a  s u i t a b l e  adhesive  o t h e r  t h a n  s i l i c o n e  compounds l i m i t s  t h e  method 
t o  t h e  use  of  t h e s e  r e l a t i v e l y  expensive m a t e r i a l s  f o r  bo th  adhes ive  
Table 4 .2 -2  
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and p r o t e c t i v e  coa t ing .  W e  have t h e r e f o r e  recommended t h a t  a t t e n -  
t i o n  be s h i f t e d  t o  assembly by lamina t ion  t o  a  g l a s s  s u p e r s t r a t e  
us ing  e t h y l e n e  v i n y l  a c e t a t e  a s  t h e  lamina t ing  and encapsu la t ing  
medium. 
U s e  of an a n t i r e f l e c t i v e  s u r f a c e  f o r  t h e  g l a s s  s u p e r s t r a t e  o f f e r s  
s u b s t a n t i a l  b e n e f i t .  We conclude,  however, t h a t  t h e  p roces ses  
p r e s e n t l y  a v a i l a b l e  are n o t  s u f f i c i e n t l y  c o n t r o l l a b l e  t o  be con- 
s i a e r e d  for use i n  a  h igh  volume, low c o s t  p roduc t ion  ope ra t ion .  
5.0  REFERENCES 
1. B i c k l e r ,  B . ,  "LSA P r o j e c t  c o s t  and volume g o a l s t ' ,  
P r o c e e d i n g s :  1 0 t h  P r o j e c t  I n t e g r a t i o n  Meet ing  - Low 
Cos t  S o l a r  A r r a y  P r o j e c t ,  August  16-17,  1978 ,  p.  4 - 4 1 .  
2. Ross ,  R . G .  J r . ,  " P h o t o v o l t a i c  Design ~ p t i i n i z a t i o n  f o r  
T e r r e s t r i a l  A p p l i c a t i o n s " ,  T h i r t . e e n t h  IEEE P h o t o v o l t a i c  
S p e c i a l i s t s  Confe rence  1978,  J u n e  5-8, 1978,  pp. 1067- 
1073.  
3. I lansen,  M .  , " C o n s t i t u t i . o n  o f  B i n a r y  A l l o y s " ,  McGrnw 
H i l l  Book Co. , I n c . ,  ( N e w  York C i t y )  1958.  
4 .  T a y l o r ,  W.E., Kimber ly ,  W . ,  M n ~ d e s i c l i ,  N . ,  and P c p c ,  A , ,  
"Array  Automated Assembly Phase  2 " ,  Q u a r t e r l y  R e p n r t  
J P L  C o n t r a c t  N o .  954853, O c t o b e r  1978.  
5 .  P a s t i r i k ,  E.M.,  S p a r k s ,  T.G. and Coleman, M . G . ,  " S t u d i e s  
and T e s t i n g  o f  A n t i r c f l e c t i v c  (AR)  C o a t i n g s  f o r  soda -  
l i m e  g l a s s " ,  Moto ro la  Repor t  No. 2335/1,  May 1978.  
APPENDIX A 
CALCULATION OF OPTIPilUM WAFER SHAPE FROM CYLINDRICAL CRYSTALS 
An a n a l y s i s  w a s  made o f  t h e  optimum shaping o f  squared wafers  
from c y l i n d r i c a l  Czochralski  c r y s t a l s  a s  a f u n c t i o n  of  t h e  r e l a t i v e  
c o s t s  o f  s i l i c o n  m a t e r i a l  and pho tovo l t a i c  module and system r e l a t e d  
c o s t s .  For t h e  purposes of t h i s  a n a l y s i s  it was assumed t h a t  t h e  
shaping would be  accomplished by s l abb ing  o f f  f o u r  s i d e s  of t h e  
c r y s t a l  t o  form a square  s e c t i o n  wi th  t r u n c a t e d  (rounded) co rne r s .  
This  procedure e l i m i n a t e s  t h e  c e l l  p rocess ing  c o s t s  which would be 
a s s o c i a t e d  w i t h  t h e  d i sca rded  s i l i c o n  i f  t h e  c e l l s  were shaped af ter  
process ing .  I t  a l s o  prov ides  t h e  maximum sa lvage  va lue  f o r  t h e  d i s -  
carded s i l i c o n .  
The module geometry a s s o c i a t e d  wi th  one c e l l  i s  shown i n  F igu re  A-1 .  
The c i r c u l a r  segments, As ,  o u t s i d e  o f  t h e  square  correspond t o  t h e  
a r e a s  of d i s ca rded  s i l i c o n .  The co rne r s  of  t h e  squa re ,  A= ,  which 
a r e  t runca t ed  by t h e  c i r c l e ,  correspond t o  i n t e r s t i t i a l  a r e a s  which 
i n c u r  module and system r e l a t e d  c o s t s ,  b u t  which do n o t  g e n e r a t e  any 
power. 
For i n t e r p r e t i v e  purposes it i s  convenient  t o  cons ide r  t h e  r a t i o  of  
t h e  s i z e  of  t h e  c i r c l e  t o  t h a t  of  t h e  square  r a t h e r  than  t h e  ang le  
0 a s  a measure of t h e  degree  o r  e x t e n t  of  shaping:  
R - 1 a = - - -  
Yo cose 
The range o f  a w i l l  be from 1 ( p e r f e c t  c i r c l e ,  no shaping)  t o  1 . 4 1 4  
( p e r f e c t  s q u a r e ) .  
The t o t a l  c o s t  p e r  w a t t  w i l l  be 
Figure A-1. MODULE GEOMETRY OF UNIT CELL 
0 
where Cw = Cost p e r  w a t t  assuming p e r f e c t  n e s t i n g  wi thout  
shaping c o s t s  
S" w = Cost p e r  w a t t  f o r  s i l i c o n  
A; = F r a c t i o n a l  a r e a  of s i l i c o n  d i scarded  
M: = llodule and system a s s o c i a t e d  c o s t  p e r  wat t  
t 
A = F r a c t i o n a l  a r e a  of module no t  occupied 
I 
and where t h e  s u p e r s c r i p t  o i n d i c a t e s  c o s t s  assuming p e r f e c t  
n e s t i n g  wi thout  shaping c o s t s .  
I t  can  be shown t h a t  
2 2 
and A* ' = 4R (cos  0 - sintlcosd - -$ + t l )  
where k l  i s  de f ined  i n  F igure  A-1 .  
The incremental  c o s t s  a s s o c i a t e d  w i t h  shaping w i l l  be 
0 Where f3 = $'/% 
S u b s t i t u t i o n  of equa t ions  (2 )  and ( 3 )  i n t o  ( 4 )  g i v e s  
6 2 2 7r h w = 4R ( 0  - sin0costl) + 13 4~~ ( cos  d - sinRcos8 - a +  0 )  
- (7) 
Shaping w i l l  be favored i f  t h e  s i l i c o n  c o s t  
t h o  module a s s o c i a t e d  c o s t s  ( i . e . ,  l a r g e  6 )  
j e c t i o n s  sugges t  t h a t  it i s  u n l i k e l y  6 w i l l  
For example one e s t i m a t e  of t h e  c o s t  a l l o c a  
- 
t h e  1986 g o a l  of $50/kW a l l o t s  $25 t o  s i l i c  
(1) 
module assembly and encapsu la t ion  . 
i s  smal l  compared tc 
, however, c o s t  pro- 
ever  be l a r g e r  t h a n  1. 
t i o n  r e q u i r e d  t o  meet 
on s h e e t  and $10 t o  
For i n t e r p r e t i v e p u r p o s e s i t  i s  convenient  t o  u s e  a  r a t i o  of t h e  : 




The incrementa l  c o s t  normalized t o  s i l i c o n  c o s t s  (equa t ion  5)  i s  
p l o t t e d  a g a i n s t  t h e  r a t i o  n i n  F igure  A-2 f o r  = 0.5 and $ = 1 . 0 .  
The minimum i n  incrementa l  c o s t  w i l l  occur  when 
From equa t ions  ( 3 )  and ( 4 )  it can  be shown t h a t  
and 
2 ( 2  s i n  U )  

from which it fo l lows  t h a t  t h e  c o n d i t i o n  f o r  t h e  minimum i s  




VARIATIONS IN DXELECTRLC PASTE 
The following criteria wore selected for guiding the development of 
the diffusion masking dielectric: 
1. Maturation (firing temperature = 850-900~~) 
2. Barrier to phosphorus miqration 
3. Thermal coefficient of linear expansion, 3.9 
to 4. G x LO-' per OC 
4. Good melting properties 
5. Stability with respect to water 
6. Stability with respect to silicon at the 
maturation temperature 
7. Structural and chemical stability with respect 
to thermal cycling in subsequent processing 
The low expansion coefficient of silicon (3.9 to 4.6 x ~o-~/OC) dic- 
tates the use of glasses whose compositions can be modified to 
-6 o 
obtain expansion values below 4 x 10 / C. The glasses must mature 
within the selected temperature ranges and exhibit the required 
physical characteristics when applied to silicon. In general the 
expansion coefficients of glasses are inversely proportional to the 
maturation temperature. Low expansion glasses usually have high 
maturation temperatures. 
The glass systems investigated were selectzd on the following consid- 
erations: 
1. Those with low expansion coefficients which 
would mature within the required temperature 
limits; and 
*For recommendations see Section 3.5. 
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2. Coating systems with acceptable maturation 
temperatures aqd composition which can be 
altered to reduce the expansion coefficient 
and not affect the firing characteristics. 
Based on criteria (l), ( 2 ) ,  and (3), five families of glasses were 
selected as potential candidates. The initial compositions are 
shown in Table B-1. 
Series 1 - Beta-Slodumene Glasses 
This series of glasses was originally compounded for application 
to slip-cast-fused silica, which has an expansion coefficient of 
-6 o 0.3 x 10 / C. Maturation temperature is about 1 1 5 0 ~ ~ .  These 
glasses, upon maturation, devitrify to form keatite (Li20-A1203-5Si02) 
and spodumcne (Li20-A1203-4Si02). 
The original formulation, lE-1, was modified (Table B-2) to increase 
expansion, promote devitrification and reduce maturation temperature. 
Composition 13-6 did not form a melt after smelting at 1360°C for 30 
minutes. Composition 1E-7 formed a melt at 1360°C, but was highly 
viscous. A low viscosity melt was obtained with Composition 1E-8. 
The latter composition was overfired at 900°C when fired on silicon 
for either 7 minutes or one minute. Firing temperature was reduced 
until a vitrified surface was obtained at 7 0 0 ~ ~ .  This glass at 700°C 
exhibited a possible two phase system, however, surface tension was 
high and the glass tended to form beads. 
The composition was further altered by reducing the P205 content to 
29.71 mol percent and adding R203 to constitute 7.43 mol percent. 
This composition, designated as 1E-11 (Table B-3), formed a low 
viscosity melt, but did not mature at a firing temperature of 800°C. 
The wetting angle did not decrease appreciably. Substitution of 
LiF for LiZO and NaF for Na 0 in the 13-8 (1E-12) reduced the 2 
T a b l e  B - 1  1 I




S e r i e s  1E-1  2E-1 3E-1 5E-1 7E-1 1 
O x i d e  
BaO 




I T o t a l  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  I 
M o l  P e r c e n t  
I BaO - - 3 . 5 2  - 1 5 . 0 6  1 
T a b l e  B-2 
COMPOSITION (mol % )  OF BETA-SPODUMENE GLASSES 
O x i d e  - 1 E l  - l E 6  1E7 1E8 
L i 2 0  1 7 . 4 6  1 5 . 2 9  2 4 . 2 5  1 9 . 2 2  
MgO 4 . 0 7  3 . 5 6  5 . 6 4  4 . 4 7  
Na20 -- 4 . 7 1  7 . 4 7  5 . 9 2  
6 . 0 7  5 . 3 3  8 . 4 5  6 . 6 9  
*l2'3 
7 . 3 2  1 3 . 2 0  2 0 . 9 3  3 7 . 3 2  
'2'5 
S iOZ 6 5 . 0 8  5 6 . 9 7  3 1 . 7 6  2 5 . 1 8  
Sn02  -- 0 . 9 4  1 ~ 4 9  1 . 1 8  
Table  B-3 
COM?OSITIONS (mol % )  OF 1E SERIES 
(1) Li20  added a s  LiF 
( 2 )  Na20 added as NaF 
(3) L i 2 f i  'ldded a s  LiF 
(4) Na20 added a s  NaF 
(5) Li20  added as LiF 
(6) N a 2 0  added a s  NaF 
wet t ing  a n g l e ,  however, t h e  a c t u a l  matura t ion  and range of matura- 
t i o n  temperature  was reduced a s  compared t o  1E-8. A t  6 5 0 ' ~  f o r  
f i v e  minutes ,  t h e  coa t ing  was unde r f i r ed ,  whereas a t  7 4 0 ' ~  f o r  t h e  
same t i m e  pe r iod ,  t h e  c o a t i n g  was o v e r f i r e d .  
Composition 1E-13, i n  which t h e  llgO con ten t  of 1 E - 1 2  i nc reased  t o  
0 . 1 2 0 ,  r e s u l t e d  i n  a  r e f r a c t o r y  c o a t i n g  system. 
I t  was concluded t h a t  t h e  matura t ion  temperature  of t h i s  coa t ing  
was too  low and d i f f i c u l t  t o  c o n t r o l .  
S e r i e s  2  - MgOaA1203 B o r o s i l i c a t e  Glasses  
-- 
The composition of  t h i s  series was based on a  commercial g l aze  which 
had a  c a l c u l a t e d  c o e f f i c i e n t  of expansion of 3.9 x ~ o - ~ / o c  (2E-1 ,  
Tab le  B - 4 ) .  The g l a s s  d i d  no t  form a  m e l t  a t  a smel t ing  temperature  
of  1 4 0 0 ~ ~ .  Subsequent a d d i t i o n s  of B203 (2~-21 ,  and s u b t r a c t i o n s  of 
MgO ( 2 ~ - 3 )  t o  reduce t h e  matura t ion  temperature  r e s u l t e d  i n  a  low 
v i s c o s i t y  mel t .  Composition 2E-3exhibited a  p a r t i a l l y  v i t r i f i e d  
s u r f a c e  when f i r e d  on s i l i c o n  a t  9 0 0 ~ ~  f o r  7 minutes.  Fu r the r  i nc reas -  
i n g  t h e  B 2 0 3  con ten t  t o  5.200 e q u i v a l e n t s ,  d id  n o t  r e s u l t  i n  l i q u i d  
format ion dur ing  smel t ing.  The development of t h i s  coa t ing  system 
w a s  terminated.  
S e r i e s  3 - Bar ia  Glasses  
The composition of  t h e s e  g l a s s e s  i s  based on a  Ba0-3.58Si02 e u t e c t i c  
a t  850'~. Compositions w e r e  modified t o  i n c r e a s e  expansion and 
i n c r e a s e  f l u i d i t y  a s  shown i n  Table B-5. A l l  of  t h e s e  composit ions 
formed h igh  v i s c o s i t y  m e l t s  and w e r e  t o o  r e f r a c t o r y  f o r  use a s  a 
coa t ing  which would mature a t  8 8 0 ~ ~ .  Fu r the r  work was cont inued wi th  
modi f ica t ions  of t h i s  c o a t i n g  system ( S e r i e s  7 ) ,  and i s  d i scussed  
below. 
Table B-4 


























T a b l e  B-5 
COFIPOSITIONS ( m o l  % )  OF BARIA GLASSES 
3E-3 
5 . 3 3  
1 . 6 6  
0 . 9 4  
-- 
7 0 . 3 9  
2 1 . 6 8  






S i 0 2  
3E-1 
3 . 5 2  
1 . 0 9  
1 . 1 4  
2 0 . 7 9  
4 6 . 5 1  
2 6 . 9 6  
3E-2 
4 . 4 4  
1 . 3 8  
1 . 4 4  
-- 
5 8 . 7 1  
3 4 . 0 3  
S e r i e s  5  - T i t a n i a  G l a s s e s  
--
T h i s  c o a t i n g  series, c o n t a i n i n g  d i s s o l v e d  t i t a n i a  a s  r u t i l e ,  when 
smel tzd  and quenched q u i c k l y  ( a s  when quenched i n  w a t e r )  i s  a  c l e a r  
g l a s s .  However, when t h e  g l a s s  i s  r e h e a t e d  and quenched s lowly  
( a i r  q u e n c h ) ,  th rough  t h e  t e m p e r a t u r e  r ange  of 590 t o  650°c, t h e  
t i t a n i a  c r y s t a l l i z e s  p r i m a r i l y  a s  a n a t a s e .  Upon f u r t h e r  r e h e a t i n g  
t h e  a n a t a s e  c o n v e r t s  t o  r u t i l e .  These g l a s s e s  a r e  h i g h l y  s t a b l e  
when s u b j e c t e d  t o  t h e r m a l  e x c u r s i o n s ,  and a r e  t h e r e f o r e ,  based 
upon t h e r m a l  c h a r a c t e r i s t i c s ,  an e x c e l l e n t  sys tem f o r  t h e  masking 
d i e l e c t r i c .  
The o r i g i n a l  compos i t ion  (5E-11, a s  shown i n  T a b l e  B-6, e x h i b i t e d  
a c a l c u l a t e d  expans ion  c o e f f i c i e n t  o f  9 . 9  x ~ o - ~ / " c .  A s  t h e  expan- 
s i o n  was t o o  h i g h  f o r  c o a t i n g s  a p p l i e d  t o  s i l i c o n ,  changes i n  t h e  
composi t ion  were made t o  o b t a i n  more compat ib le  expans ion  v a l u e s  
a s  i n  5E-7 and 5E-8. These l a t t e r  compos i t ions  matured  t o  a  h i g h  
g l o s s ,  smooth f i n i s h  when f i r e d  a t  8 8 0 ~ ~  f o r  7 minu tes .  
Co8t ings  5E-7 and 5E-8 were e v a l u a t e d  a s  d i f f u s i o n  b a r r i e r s  by sub- 
j e c t i n g  P-type s i l i c o n  wafe r s  t o  a  d i f f u s i o n  c y c l e  u s i n g  Emuls i tone  
N-250 phosphorus s o u r c e .  The s i l i c o n  s u r f a c e  under  b a r r i e r  c o a t e d  
a r e a s  was t e s t e d  by s t a i n i n g  t e c h n i q u e s  and r e s i s t i v i t y  measurement 
w i t h  no ev idence  o f  phosphorus p e n e t r a t i o n  b e i n g  d e t e c t e d .  
Coa t inys  5E-7 and 5E-8 were f u r t h e r  e v a l u a t e d  f o r  t h e i r  purpose  by 
f a b r i c a t i o n  o f  cel ls  a f t e r  a p p l i c a t i o n  o f  t h e  c o a t i n g .  These p re -  
l i m i n a r y  exper iments  y i e l d e d  cel ls  o f  poor q u a l i t y .  T h i s  r e s u l t  
was i n t e r p r e t e d  a s  b e i n g  due t o  con tamina t ion  of t h e  s i l i c o n  from 
t h e  p a s t e  d u r i n g  t h e  d i f f u s i o n  s t e p .  The t i t a n i a  b e i n g  s u s p e c t e d  
a s  t h e  s o u r c e  ~f c o n t a m i n a t i o n ,  c o a t i n g  5E-7-1 was compounded f o r  
e v a l u a t i o n .  The t i t a n i a  i n  t h i s  c o a t i n g  was r e p l a c e d  ent i7c l .y  by 
s i l i c a .  To f u r t h e r  i d e n t i f y  t h e  con taminan t ,  b a t c h e s  w e r e  made i n  
Table B-6 
COMPOSITIONS (mol 8)  OF TITANIA GLASSES 
Expans i o n  9 . 9  
coefficient 
-G 0 ( x  10 \ C)  
t-P-l-__I--- - 
(1) Na20 added as NaF 
(2) Li20 added as L ~ F  
a platinum crucible and a clay crucible. Tests of these materials 
by cell fabrication showed no improvement over the original compo- 
sition, and were possibly even inferior. 
In another attempt to isolate the contaminant, compositions 53-7-2 
through SE-7-5 (shown in Table B-7) were compounded. The ZnO, 
Na20 and Li20 content was replaced by P205 (53-7-73. This composi- 
tion did not form a melt. Consequently, the silica content was 
incrementally reduced in series 53-7-3 through 53-7-5. 
The viscosity characteristics for fusion flow of the Series 5 glasses 
were determined. The test is conducted as follows: 
A one gram sample of -400 mesh powdered glass is formed into a 9.5 mm 
(3/8 in.) diameter pellet at a minimum pressure of 28,500 psi (1000 
lbs load). Thc pellet is placed on a silicon wafer and fired at 9 8 0 ~ ~  
( 1 0 0 ~ ~  above the maturation temperature), in a horizontal position 
for 1.5 minutes. Without removing from the furnace, the wafer is 
tilted 9o0 and the pellet is fired for 7.0 minutes in the vertical 
position. The flow of the melted glass is measured to the nearest 
0.5 mm. 
The fusion flow characteristics of the 5E-7, 5E-8, 5E-7-1 and 5E-7-1-P 
samples are shown in Table B-8, It can be noted that Series 5E-7 has 
a lonqer fusion flow than 5E-8, due to the higher Na20 content. A 
major point of interest is the higher fusion flow of 5E-7-1-P as com- 
pared to 5E-7-1. Both series are the same composition, except that 
5E-7-1 was smelted in a clay crucible, whereas 5E-7-1-P was smelted 
in a platinum crucible. The observed difference indicates solubility 
of the clay crucible in the melt. Additionally, the results of sub- 
stituting silica for titania (5E-7 and 5E-7-1) can be noted. 
  able B-7 





















52.55 59.62 Si02 42.47 74.06 
Expansion 
Coefficient 
(X 10-~/0c) - 
, L l l  1:5 11::8 1 11::9 
- 
Table B-8 
FLOW OF SFRIES 5 
AT 980" ANID 7 MINUTES 
bower N a E O  content than 5E-7 
*Smelted in clay crucible 
*Smelted in platinum crucible 
I No titania in SE-7-1 and 5E-7-1-P _ __. .- - - . - - -___C 
 ompo positions are the same 
T h i s  t e s t i n g  c a n  b e  v a l u a b l e  i n  a s s e s s i n g  t h e  e f f e c t  o f  c h a n g e s  i n  
c o m p o s i t i o n  upon m a t u r i n g  t e m p e r a t u r e .  T h i s  a p p l i c a t i o n  of  t h e  t e s t  
w i l l  b e  i l l u s t r a t e d  i n  t h e  d i s c u s s i o n  o f  t h e  S e r i e s  7  g l a s s e s .  
C o a t i n g s  SE-7 and 5E-8 were e v a l u a t e d  f o r  t h e r m a l  e n d u r a n c e .  The 
0 
c o a t i n g s  were c y c l e d  t e n  t i m e s  f rom room t e m p e r a t u r e  t o  8 8 0  C and  
back t o  room t e m p e r a t u r e  ( S e r i e s  A ) .  The c o l o r  of  t h e  c o a t i n g s  
changed f rom a b l u e  w h i t e  t o  a y e l l o w  w h i t e , i n d i c a t i n y  t h a t  t h e  
c r y s ~ a l l i z e d  t i t a n i n  was c o n v e r t e d  from a n a t a s e  t o  r u t i l e .  C u r s o r y  
e x a m i n a t i o r ~  of t h e  c x p o s c ~ l  s i l i c o n  a d j a c e n t  t o  t h e  c o a t i n g  i n d i c a t e d  
a b l u e  haze which became more yroni?unced a s  t h e  t h e r m a l  c y c l i n g  p r o -  
q r e s s c d .  Tht. c o s t i n q s  were a l s o  s e q u t l n t i a l l y  c y c l e d  from room t e m -  
p c r a t n r t .  t o  880 ,  R O O ,  700 ,  600 and 5 0 0 ' ~  ( S e r i e s  B )  . 
S e r i e s  7  - Modi f i ed  B a r i n  G l a s s c s  
The s t u d y  o f  t h i s  scr ics,  a m o d i f i c a t i o n  of S e r i e s  3  w i t h  i n c r e a s e d  
b a r i a  anc! re~lu~*t4 m c ~ c l ~ l t ~ s i i t  c ~ . n t c n t ,  was i n i t i a t e d  as a back-up t o  
S e r i e s  5 .  Thest. c c l d t i n q s ,  as shown i n  T a b l e  B-9, are f r e e  of N a a O  
and L i 2 0 .  Thc i n i t i . 1 1  L-ompos i t i ons  (7E-1 a n d  7E-3)  e v a l u a t e d  f o r  
0 degree of m a t u r . ~ t i o n  a t  a f i r i n q  t e m p e r a t u r e  o f  8 8 0  C f o r  7  m i n u t e s  
i n d i c a t c d  ,In o v c r f i r c d  c o n d i t i o n .  A d d i t i o n a l l y ,  t h e  e x p a n s i o n  
cclef f ic-iont ( c a l c u l a t e d )  was too h i q h  f o r  a p p l i c a t i o n  t o  s i l i c o n .  
The magnesia  c a n t c n t  was i n c r e a s e d  i n  7E-3 t o  o b t a i n  a r e d u c e d  coet- 
f i c i e n t  o f  c s p a n s i o n  and  a t  t h e  same t i m e  i n c r e a s e  t h e  m a t u r a t i o n  
t e m p e r a t u r e .  From cxan l ina t ion  of T a b l e  B-9 t h e  r e d u c t i o n  i n  expan-  
s i o n  c o e f f i c i e n t  c a n  be n o t e d .  
Rased on t h e  work on S e r i e s  5 d i s c u s s e d  a b o v e ,  it was d e c i d e d  t h a t  
t h e  S e r i e s  7 g l a s s e s  s h o u l d  c s h i h i t  a f u s i o n  f l o w  l e n g t h  be tween  20 
0 
and 30 millimeters a t  an  e x p o s u r e  a£ 980 C, w i t h  1 4  m i n u t e s  i n  t h e  
h o r i z o n t a l  p o s i t i o n  and 7 m i n u t e s  v e r t i c a l l y .  Based on t h e  d a t a  
shown i n  T a b l e  R-LO a11 of t h e  g l a s s e s ,  w i t h  t h e  e x c e p t i o n  o f  7E-8,  
would ha o v e r f i r e d  a t  a t m l p ~ r a t u r c  of 8 8 0 ~ ~ .  C o a t i n g  7E-8 would b e  
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Table B-10 
FLOW OF SERIES 7 
AT VARIOUS TIEES AND TEMPERATLIRES 
in 7E-5, adherence decreased drastically. The adherence was restored 
upon the addition of 5 parts of lead fluoride (PbFZ) to 100 parts by 
weight of glass. 
Mixtures of glasses 7E-6, 7E-7 and 7E-8 were made to determine the 
optimum magnesia and lead fluoride content to obtain good adherence 
and rn,~turation at 8 8 0 ~ ~  (Table B-12). Adherence was noted only at 
lead tluori.de contents of 5 parts per 100 parts by weight of glass. 
The composition of 7E-8-1 was determined on the basis of tests 4, 
5 and 1C through 17. An anomaly exists in tests 19 through 21. It 
would be expected that an increasing lead fluoride content should 
increase the fusion flow; however, since lead fluoride contents 
less than 5.0 did not result in adherence, the reasons for the 
anomaly may be academic. 
Evaluation of ccmposition 7-8-IA, Table B-12, formulated on the basis 
of previously reported fusion flow tests, indicated excessive refrac- 
t~rincss (underfiring). The series 7 glasses were further compounded 
to decrease maturation temperatuke and expansion coefficient. The 
compositions shown in Table B-12 were compounded and evaluated. Matur- 
ing temperature of these coatings was between 700 and 7 5 0 ~ ~ .  The 
surfaces were free of bubbles. It was then discovered that the ori- 
ginal difficulty was overfiring rather than underfiring. 
R number of 7E series glasses were formulated (primarily varying the 
relative amounts of the BIOj and A1203 constituents) with the goal 
of a t t a i n i n g  a maturation temperature of 8 8 0 ~ ~ .  Compositions of the 
various formulations are given in Table B-13. 
The first of these compositions 7E-17 formed by adding 0.300 equiva- 
0 lents of A1203 to 7E-8-1A was far too refractory (no fusion at 950 C). 
Qther variati~ns in the composition of 7E-8-1A shown in Table B-13 
include: 
Table B-11 
FLOW OF SERIES 7 @ 980°C!, 7 M I N .  
Table B-12 
COMPOSITION OF SERIES 7 DIFFUSIGN MASKING DIELECTRICS 
(Equivalents) 
C~ositional Changes 
7E-12 In 7E-8-1-A, increased BaO to 0.500 equivalents, eliminated ZnO, increased CaO 
to 0.100 equivalents. 
7E-13 In 7E-8--1-A, increased B203 to 0.550 equivalents, reduced MgO to 0.50 equivalents. 
7E-14 In 7E-13, increased B203 to 0.780 equivalents. 
7E-15 In 7E-8-1-A, increased B203 to 0.55 equivalents. 
7E-16 In 7E-8-1-A, removed CaO. 
7E-17 In 7E-8-P-A, added 0.3000 equivalents of A1203. 
T a b l e  B-13 
COMPOSITIONS OF SERIES 7E - MASKING DIELECTRICS 
( E q u i v a l e n t s )  
C o m p o s i t i o n  C h a n g e s  t o  7E- 8-1-A 
BaO 
ZnO 
I 7E-17 Added 0 .300  equivalents of A1203 f o r  basic g l a s s  73-23 Removed ZnO f r o m  73-22 1' 7E-18 20  w/o 7E-17 and 80 w/o 7E-8-1-A 
I YE-19 2 5  w/o 73-17 and 7 5  w/o 7E-8-1A 
7E-20 R e d u c e d  B203 i n  7E-8-1-A t o  0 .450 e q u i v a l e n t s  
7E-8-1A 
. 2 5 3  
.054  
7E-24 I n c r e a s e d  Si92 i n  7E-8-1-.A 
t o  0 .600  equivalents 
7E-19 
. 2 5 3  
. 0 5 4  
7E-25 D e c r e a s e d  B203 i n  73-24 t o  
0 .400  equivalents 
7E-17 
. 2 5 3  
, 0 5 4  
, 0 5 4  
. 6  1 2  
. 0 2 7  
1 . 0 0 0  
- 4 9 2  
- 0 7 5  
- 4 2 1  
CaO . 0 5 4  
MgO I - 6 1 2  
7E-2i  R e d u c e d  B203 i n  7E-8-1-A ts 0.400 equivalents  
7E-18 
, 2 5 3  
- 0 5 4  
. 0 5 4  
- 6 1 2  
. 0 2 7  
1 . 0 0 0  
- 4  92 
. 3 0 0  
. 4 2 1  
7E-20 
- 2 5 3  
.054  
PbO 
T o t a l  
B2°3 
S i 0 2  
73-22 I n c r e a s e d  MgO i n  7E-8-1-A t o  0 . 8 5 0  equivalents 
- 0 5 4  
.612  
. 0 2 7  
1 . 0 0 0  
. 4 9 2  
- 0 6 0  
. 4 2 1  
. 0 5 4  
, 6 1 2  
, 0 2 7  
1 . 0 0 0  
.450  
-- 
. 0 2 7  
1 . 0 0 0  
, 4 9 2  
-- 
- 4 2 1  
7E-21 
- 2 5 3  
- 0 5 4  
7E-23 
- 2 1 3  
-- 
7E-22 
- 2 0 4  
. 0 4 4  
- 0 5 4  
.612  
- 0 2 7  
. l o 0 0  
.400  
-- 
, 0 4 6  
. 7 1 8  
- 0 2 3  
1 , 0 0 1  
, 4 1 5  
-- 
-355 
. 0 4 4  
- 6 8 7  
. 0 2 2  
1 . 0 0 1  
, 3 9 7  
-- 
7E-24 
- 2 5 3  
. 0 5 4  
73-25 
, 2 5 3  
, 0 5 4  
- 0 5 4  
- 6 1 2  
- 0 2 7  
1 . 0 0 0  
- 4 9 1  
-- 
- 6 0 0  
, 0 5 4  
. 6 1 2  
. 0 2 7  
1 . 0 0 0  
. 4 0 0  
-- 
. 4 2 1  
1. Reduction i n  B 2 0 3  c o n t e n t  73-20 and 7E-21 
2. I n c r e a s e  i n  MgO c o n t e n t  73-22 
3 .  E l i m i n a t i o n  o f  ZnO 73-23 
4 .  I n c r e a s e  i n  S i 0 2  73-24 and 73-25 
A l l  c o a t i n g s  were blended w i t h  the s c r e e n i n g  v e h i c l e  u s i n g  an  o lu -  
mina mor ta r  and p e s t l e .  T h i s  p rocedure  was fo l lowed  t o  a v o i d  i r o n  
con tamina t ion ,  which c o u l d  be  i n t r o d u c e d  by p r o c e s s i n o  t h r o u g h  t h e  
t h r c e - r o l l  m i l l  used h e r e t o f o r e .  A d d i t i o n a l  v a r i a t i ( ~ l l s  were: 
(1) t h e  use  o f  a p1oti :um c r u c i b l e  f o r  making some of t h e  g l a s s  
melts, and ( 2 )  z i r c o n i a  i n s t c a d  of  alumina g r i n d i n g  mcdio i n  t h e  
b a l l  m i l l  f o r  i n i t i a l  p a r t i c l e  r e d u c t i o n  o f  t h e  g l a s s  f r i t .  
The use  of z i r c o n i a  g r i n d i n g  media e x h i b i t e d  a t endfncy  t o  lower 
t h e  m a t u r a t i o n  t c m p s r a t u r e  o f  t h e  c o a t i n g .  Smel t s  c o n t a i n i n g  PbO, 
d e r i v e d  from PbF,, t u r n e d  b l a c k  when mel ted  i n  a p l a t i n u m  c r u c i b l e .  
L, 
I t .  was de termined t h a t  t h e  PbF2 was reduced by t h e  p la t inum.  
The e f f e c t s  on f u s i o n  f low and m a t u r a t i o n  caused by t h e  v a r i a t i o n s  
i n  composi t ion  and p r o c e s s i n g  a r e  summarized i n  T a b l e  8 - 1 4 .  The 
most promis ing  f o r m u l a t i o n s  were 7E-20 and 73-24. 
T a b l e  B-14 
' TEST lU3SULTS OF SERIES 7E 
7E-25 




The specific requirements for these glasses are as follows: 
(1) Maturation temperature between 550 and 6 5 0 ~ ~  
(2) Thermal expansion coefficient between 3.9 and 
-6 o 4.6xl.O / C .  
( 3 )  Freedom from bubbles and pinholes. 
Four families of glasses have been explored for this application. 
These famil'.es are specifically: (1) phosphate glasses (Series 411, 
(2) germania/tantalum and silica/tantalum glasses (Series 61), 
( 3) baria-magnesia borosilicate glasses (Series 7I), and ( 4) modified 
titania precipitated glasses (Series 9 1 ) .  
Series 41 Glasses 
- - 
Series 31-1 through 41-11 all exhibited lack of maturity at tempera- 
tures as high as 8 8 0 ~ ~ .  Addftionally , the calculated expansion 
coefficients were considered too high as shown in Table C-1. These 
compositions were altered in Series 41-12 through 41-15 to reduce 
maturation temperature and expansion as shown in Table C-2. These 
coatings matured between 650 and 700°c, but stii.1 had excessively 
large expansion coefficients. Moreover, they were fr~und to be mois- 
ture sensitive and for these reasons were dr~pped from further con- 
sidecation. 
Series 61 Glasses 
The starting composition of the germania-tantalum series (Table C-3) 
was applied to silicon and fired at 6 5 0 ~ ~ .  This composition was 
deemed as too refractory. Increasing the germania content to 1.000 
equivalents did not reduce the maturing Cemperature. Substitution 
*For recommendations see Section 3.10. 
,., - . -. I .f: :. r., _ z  r ' . , . , - - - I , 
T a b l e  C-1 
TYPICAL COMPOSITIONS OF INITIAL SERIES 4 GLASSES 
Mol P e r c e n t  
1 2 . 9 5  1 0 . 3 5  7.95 
O x i d e  
I I -6' o 
E x p a n s i o n  C o e f f i c i e n t  ( x 1 0  / C) I I 
I I 1 
E q u i v a l e n t s  
Table C-2 






41-12 1 41-13 1 41-14 




















t i .  00 
14.00 
Table C-3 
COMPOSITIONS OF SERIES 61-1 GERMANIA-TANTALUM GLASSES 
[oxide ~-z--/Tz-qLz~ 
Equivalents 



































of LiF for the Li20 resulted in bubble formations without affecting 
the maturation temperature. It was decided that this coating system 
be set aside due to its refractory characteristics, and the analog- 
ous silica series explored. 
The silica-tantalum glasses, as shown in Table C-4 are germania- 
free borosilicates with L120 and Ta205. Composition 61-2-2 was 
judged best in obtaining maturity at temperatures between 650 and 
700'~. Variations in the composition of the silica-tantalum glasses 
were made to obtain glasses which were (1) smooth and glossy when 
fired, and (2) compositions free of Ta2OY All of the glasses 
exhjbitcd bubble formation when compounded free of Ta205. The addi- 
tion of 5 parts of PbF2 per 100 parts by weight to the as ground 
glass powder did not reduce bubble formation. The effects of these 
variations are summarized in Table C-5. 
Because of the problems with the silica-tantalum series, the compo- 
sition of the original germania-tantalum series was substantially 
altered by decreasing B203 and increasing Ge02 and Ta205 in an 
attempt to overcome its refractory character (Table C-6). The 
initial composition of this series (61-3) resulted in an under- 
fired condition at 700°c, however, this condition was remedied by 
increasing the B203 content to 4.500 equivalents. The elimination 
of Ta205 in this system caused bubbling of the surface. The effects 
of the compositional variations are summarized in Table C-7. 
One additional compositional variant of the germania-tantalum 
glasses (Series 61-4) was investigated (Table C-8), extending the 
compositional modificaticns of Series 61-3 still further. This 
coating system exhibited a high wetting angle and an overfired con- 
dition. The germania content of 61-4 was reduzed appreciably 
(61-4-1) without affecting the wetting angle, but maturation 
occurred at a firing temperature of 6 5 0 ~ ~ .  Elimination of Ta205 
resulted in bubble formation upon application to silicon and firing 
at 6 5 0 ~ ~ .  The effects of compositional variations within the 61-4 
series are summarized in Table C-9. 
Table C-4 
COMPOSITION OF SERIES 61-2 SILICA/TANTALUM GLASSES 
k 
c o a t i n g  
T a b l e  C-5 
COMPOSITIONAL CHANGES I N  61-2 SERIES 
I n c r e a s e d  R2O3 c o n t e n t  
o f  GI-2 t o  5 . 4 0 0  e q u i v a -  
l e n t s .  
C h a n g e s  
I n c r e a s e d  L i 2 0  c o n t e n t  
t o  0 . 6 5  e q u i v a l e n t s .  
Decreased A1203 c o n t e n t  
t o  0 . 2 0 0  e q u i v a l e n t s .  
R e d u c e d  S i 0 2  t o  1 . 5 0 0  
e q u i v a l e n t s .  
Remarks  
I 
S u b s t i t u t e d  L i F  f o r  
L i 2 0  i n  61-2.  
E l i m i n a t e d  Ta20.5 f r o m  
61-2-3. 
R e f r a c t o r y  c h a r a c t e r -  
i s t ics  n o t  e l i m i n a t e d  
61-2-5 
M a t u r e d  t o  a s m o o t h  
c o a t i n g  a t  7 0 0 ~ ~ .  
U n d e r  f i r e d  a t  6 5 0 ~ ~ .  
S u b s t i t u t e d  P205 f o r  
T a 2 0 5  i n  61-2-3. 
I Formed b u b b l e s  o n  s u r -  1 
I face. 
Formed b u b b l e s .  
Formed b u b b l e s  1 
T a b l e  C-6 
COMPOSITION OF SERIES 61-3 GERT4ANIA/TANTALUM GLASSES 
ci 
4 
(1) Li20 added as LiF 
M o l  P e r c e n t  








1 2 . 4 1  
4 .39 
0 . 7 1  
71 .73  
0 .66 





63 .50  
1 . 4 3  
1 3 . 5 8  
--- 
6 . 8 2  
8 .40 
3 . 3 5  
68.47 
1 . 2 3  
1 1 . 7 3  
--- 
I 












T a b l e  6-7 
COMPOSITION CrlANGES I N  6 1-3 SERIES 
61-3-1 
6r-3-2 
I 61-3-5 I E l i m i n a t e d  Ta205 i n  61-3-1 
I n c r e a s e d  B2O3 c o n t e n t  
o f  61-3 t o  4.500 e y u i v a -  
l e n t s  
S u b s t i t u t e d  L i F  f o r  





E l i m i n a t e d  Ta205 f rom 
61-3-2. 
S u b s t i t u t e d  P205 f o r  
Ta2Q5 i n  61-3-2. 
Good m a t u r a t i o n  be-  
t w e e n  650 a n d  7000C. 
B u b b l e s  f o r m e d ,  good 
c o a t i n g .  
Formed c o a t i n g  w i t h  
h i g h  q u a n t i t y  o f  bub- 
b les  ak 650  and 7000C. 
Formed v e r y  r o u g h  s u r -  
face a t  650 and 7000C 
E x c e s s i v e  b u b b l e s  
T a b l e  C-8 
COMPOSITI3N OF SERIES 61-4 GERMANIA/TANTALUM GLASSES 
(1) LipO added a s  LIF 
; i d e  
L i 2 0  
ZnO 
A1203 0 .043  0.220 0 .563  0 .563 0 .563  0 .563  1) CO 
m I 
B2°3 4.277 3 . 6 0 5  2 . 8 9 1  2 . 8 9 1  3 2.874 2 .874 1 
0 .039 0 , 0 8 1  0 .103 0 .103  !=-I Ta205 -4 ---  
G e 0 2  0.600 0 .771  2.080 4 I 2 .086  





I 2-086  --- I 
I 0 .052 
4 
M o 1  P e r c e n t  %O 
I :.A 
L i 2 0  1 2 . 4 7  7.89 8 .66  9 .49  a " u  1 8 . 81  8 .75  
ZnO 4.39 9.72 6 .40 7.02 I o 1 6.52 6 .46 U'k 
H '44 
A1203 0 . 7 1  3 .88  8 .48 9 .30  U) 8 .63  8 .55  1 
B2°3 71 .73  63.50 43.52 47 .73  44.06 43 .71  
Ta205 0 .66 1 . 4 3  1.55 1 . 7 0  Q) 4 --- --- E .PI 
I 
GeOZ 1 0 . 1 0  13 .58  31.40 24.76 vl to 31 .98  31.73 1 m v 
I 
'2'5 
--- --- --- --- --- 0.79 
61-1 61-3 61- 4  61-4-1 61-4-2 61-4-3 61-4-4 
E q u i ~ ~ a l e n t s  







COP2POSITION CHANGES IN 61-4 SERIES 
- 
Coating Changes Hemarks 
-. 
61-4-1 t Decreased Ge02 content Retained high wetting of 61-4 to 1.500 angle, but matured at 650°C 
61-4-2 Replaced Li20 with LiF Formed bubbles on 
in 61-4 surface 
61-4-3 Eliminated Ta205 from Formed bubbles on 
61-4-2 surf ace 
61-4-4 Substituted P205 for Had bubbles, cracks 
Ta205 in 61-4-2 and voids 
> -- 
A s t u d y  of t h e  fusion-flow c h a r a c t e r i s t i c s  o f  t h e  S e r i e s  6 g l a s s e s  
was c a r r i e d  o u t .  I n  t h i s  tes t  a one gram sample of -400 mesh pow- 
dered g l a s s  i s  formed i n t o  a 9.5 mm (3/8 in . !  d iameter  p e l l e t  a t  
a minimum p r e s s u r e  G£ 28500 p s i  (1000 l b s  l o a d ) .  The p e l l e t  i s  
p laced  on a s i l i c o n  wafer and f i r e d  a t  9 8 0 ~ ~  ( 1 0 0 ~ ~  abovd t h e  
maburation t e m p e r a t u r e ) ,  i n  a h o r i z o n t a l  p o s i t i o n  f c r  1.5 minutes.  
S,*h,~ut removing from t h e  fu rnace ,  t h e  wafer i s  t i l t e d  90' and t h e  
pe3.let i s  f i r e d  i n  t h e  v e r t i c a l  p o s i t i o n .  The flow of t h e  melted 
g l a s s  i s  measured t o  t h e  n e a r e s t  0.5 mm. P o s i t i v e  r e s u l t s  were 
obta ined  on ly  wi th  t h e  composit ions shown i n  Table C-10. 
I n  a f u r t h e r  a t t empt  t o  improve t h e  bubble condi t ion  t h e  most 
promising composi t ions ,  61-2-2 and 61-3-1, were modified by inc reas -  
ing t h e  B 2 0 3  con ten t  (Tabie  C - 1 1 ) .  Th i s  r e s u l t  was n o t  s u c c e s s f u l  
with t h e  composit ions 61-X-6 and 61-X-7 ( X  = 2 o r  3 ) ,  however some 
reduc t ion  i n  bubble format ion was achieved by complete e i imina t ion  
of A1203 (61-X-8). The e f f e c t  of t h e  composit ional  v a r i a t i o n s  i s  
summarized i n  Table  C-12. 
The tendency t o  form bubbles was reduced by dry  g r ind ing  of  61-2-2 
and 61-3-1. These c o a t i n g s  matured when f i r e d  a t  650° f o r  seven 
minutes.  Coat ings  of  61-2-2 and 61-3-3, when ground d r y ,  e x h i b i t e d  
inc reas ing  bubble s i z e  a s  a func t ion  of  temperature  when f i r e d  a t  
6 0 0 ,  650 and 7 0 0 ~ ~  f o r  seven minutes.  
S e r i e s  71 Glasses  
- 
I n  view of t h e  e x c e l l e n t  f i r i n g  ob ta ined  with  baria-magnesia boro- 
s i ? , i c a t e  S e r i e s  7E composition a s  a d i f f u s i o n  mask, t h e  composit ions 
were a l t e r e d  i n  an a t tempt  t o  reduce t h e  f u s i c n  temperatures  from 
860 t o  6 5 0 ~ ~ .  Compositions 71-1 and 71-2 (Table C-13) d i d  n o t  f low 
dur ing  f u r i o n  f low tests a t  750 and 8 5 0 ~ ~ .  
T a b l e  C-10 
FUSION FLOW CHARACTERISTICS OF SERIES 6 GLASSES 
-- 
Temp. T i m e  F l o w  L e n g t h  
S e r i e s  Number (OC) ( m i n )  (nlm) 
-. 
61-3-2 7 0 0  4 1 7 . 0  
61-3-2 7 0 0  7 2 1 . 5  
61-3-2 7 5 0  4 2 6 . 5  
61 -4 -3  7 5 0  4 2 4 . 0  
61-4-2 7 0 0  7 2 0 . 0  
61-4-2 7 5 0  4 2 3 . 5  
( I )  Time  i n  t h e  v e r t i c a l  p o s i t i o n .  A l l  s a m p l e s  h e l d  1 -1 /2  
m i n u t e s  i n  t h e  h o r i z o n t a l  p o s i t i o n .  
-- 
Table C-11 
COMPOSITIONS OF MODIFIED 61-2-2 AND 61--3-1 
SILICA-TANTALUM AND GERMANIA-TANTALUM GLASSES 
T a b l e  C-12 
COMPOSITION CHANGES I N  61-2-2 AND 61-3-1 GLASSES 
-- --- 
61-3-8 I n  61-3-2, r e p l a c e d  
A1203 w i t h  B203 
Remarks 
N o  e f f e c t  o n  
b u b b l e  f o r m a t i o n  
" ---- 
N o  e f f e c t  o n  
b u b b l e  f o r m a t i o n  
- 
Reduced b u b b l e  
f o r m a t i o n  
N o  e f f e c t  o n  
b u b b l e  fo rm81 t ion  
N o  e f f e c t  on. 
b u b b l e  f o r m a t j o n  
Reduced b u b b l e  
f o r m a t i o n  
Table C-13 
COMPOSITIONS OF BARIA-MAGNESIA 


































































S e r i e s  9 1  
- 
The s tudy  of  t h i s  s e r i e s  was i n i t i a t e d  t o  reduce t h e  maturing t e m -  
p e r a t u r e  of  S e r i c s  5E ( d i f f u s i o n  rt~ask d i e l e c t r i c )  from 880 t o  6 5 0 ~ ~ .  
Compositions 91-1 through 91-5 (Table C-14)  were eva lua ted  i n  t h i s  
r e p o r t  per iod .  The composi t ional  changes made i n  t h i s  s e r i e s  a r c  
summarized i n  Table C-15. 
Good m a t u r i t y  was ob ta ined  i n  c o a t i n g  91-4 st 7 0 0 ~ ~ .  A s t h e  
c a l c u l a t e d  expansion c o e f f i c i e n t  of  t h i s  coa t ing  i s  t o o  l a r g e  
-6 o ( 6 . 8  x J 0 / C) , t h e  B 0 and Si.02 were inc reased  with  nega t ive  2 3 
e f f e c t s  on t h e  maturat ion temperature .  
Coat ings  91-6 through 91-8 were smelted t r y i n g  t o  improve t h e s e  
c h a r a c t e r i s t i c s .  Although some success  has  been achieved (Table 
C-15), t h e  d e s i r e d  goa l  has  n o t  been reached.  
A s  expansion i s  reduced by i n c r e a s i n g  t h e  B 2 0 3  and S i 0 2 ,  m a t u r  
i n g  ter~lperature  i n c r e a s e s .  I t  i s  planned t o  a l t e r  t h e  composit ions 
by a d d i t i o n s  of  l i t h i a  u n t i l  a maturing temperature  of 5 5 0 ~ ~  i s  
reached. This  procedure w i l l  i n c r e a s e  t h e  thermal  expansion. To 
o f f s e t  t h i s  t r e n d ,  B 2 0 3  w i l l  be s u b s t i t u t e d  f o r  L i 2 0  i n  smal l  
increments t o  reduce t h e  expansion.  On a normalized weight pe rcen t  
b a s i s  t h e  expansion c o n t r i b u t i o n  of  B 0 i s  1/120 t h a t  of l i t h i a .  2 3 
The e f f o r t  dur ing  t h i s  r e p o r t i n g  pe r iod  was concent ra ted  on reduc- 
i n g  t h e  maturat ion temperature  of  t h e  612-2 ( i s o l a t i o n )  g l a s s .  
This  composition has  a matura t ion  temperature  of 7 0 0 ~ ~ .  Composi- 
t i o n s  of  exper imental  g l a s s e s  which were eva lua t ed  arc given i n  
Table C-16.  
The f i r s t  mod i f i ca t ion ,  612-2-A, r e t a i n e d  t h e  same composition a s  
612-2 b u t  der ived  t h e  L i 2 0  from Li2C03 i n s t e a d  o f  from LiF. The 
Table C-14 









S i 0 2  
k 











(1) Na20 added as 0.366 NaF (equivalents) 
I. (2) Li20 added as ,479 LiF (equivalents) 
b 
91-1 91-2 I 
Oxide Equivalents 
91-3 91-6 31-4 91-5 91-7 9 1-8 
T a b l e  C-15 
COMPOSITION CHANGES I N  SERIES 9 GLASSES 
C o a t i n g  C h a n g e s  
T i 0 2  e l i m i n a t e d  from 5E7, 
Decrease S i 0 2  t o  5 . 0 0 0  Eq.  
E l i m i n a t e d  ZnO, a d d e d  
PbO, f u r t h e r  decrease i n  
S i 0 2  
I n c r e a s e d  PbO, d e c r e a s e d  
S i 0 2  
D e c r e a s e d  PbO t o  . 2 7 3  E q . ,  
i n c r e a s e d  B Q a n d  S i 0 2  2 3 
E l i m i n a t e d  CaO f r o m  91-4, 
I n c r e a s e d  B203 
I n c r e a s e d  B203 i n  91-2 
a n d  d e c r e a s e d  S i 0 2  
I n c r e a s e d  L i 0 2  i n  91-6 
I Remarks  I 
I 
N o  f u s i o n  a t  7 5 0 ~ ~  
NO f u s i o n  a t  7 5 0 ~ ~  
NO f u s i o n  a t  7 5 0 ~ ~  
M a t u r a t i o n  a n d  £8- 
s i o n  f l o w  ' a t  700 C 
I N o  f u s i o n  a t  7 5 0 ~ ~  
E x p a n s i o n  coef. 
r e d u c e d  f r o m  6 . 8  
t o  5 . 9  x 1 0 - 6 / o c  
R e f r a c t o r y ,  n o  
f u s i o n  
M a t u r i n g  t e m p e r a -  
t u r e  r e d u c e d ,  e x -  
p a n s i o n  c o e f f i -  
c i e n t  6 . 1  x 10'6/0C 
T a b l c  C-16 
COMPOSITION OF SERIES 6  ISOLATION GLASSES 
Oxide 612-2 -- 612-8  612-9  -- 612-1,O - 
L i 2 0  0 . 6 0 5  0 . 6 0 5  0 . 6 0 5  2 . 0 0 0  
Z nO .---..- 0 . 3 9 5  -- 0 . 3 9 5  0 . 3 9 5  --- 
-= -- ---- 
T o t a l  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  
maturc t ion  temperature  f o r  t h i s  coa t ing  was 6 5 0 ~ ~ .  Maturat ion 
tempera tures  f o r  t h e  o t h e r  g l a s s  were a l l  above 650°. 
Fusion f law measurements which have been made f o r  S e r i e s  6 g l a s s e s  
are r epo r t ed  i n  Table  C-17. 
Table C-13  
FI,OW CIIARACTERISTICS 01' G 1 2  SERIES 
Mi 1. l i n g  Time ( M i n . )  ----=------ Temp . F l o w  
Canting - C o n d i t i o n  --- =-- Iior . V c r t  ---- .----- ( Oc1- --- (mm) 
612-2  Wet 1 l;r 4 7 5 0  2 3 . 2 *  
612-2  Dry 1- Ii 4 7 0 0  3 4 . 5  
612-2 11 ry L 'i 4 7 5 0  E x c e s s i v e  
612-3 wtt t 1% 4 7 0 0  2 4 . ~ 5 ~  
612-3  Dry l l j  4 7 5 0  2 8 . 0 "  
612 -5  W e t  1 ';i 4 7 5 0  Excessive, 
612-6 Wet L 4 750  2 2 . 5 %  
612-7  W e t  1 '2  4  7 0 0  2 2 . 0 "  
612-7 Wet 1 5 4 750  21 .5"  
612-8  Dry 14 4 7 0 0  4 1 . 5  
612-8  D r y  1 1i 4 750  
APPENDIX D 
-
SERIES REbrSTANCE CALCULATIONS FOR FRONT G R I D  PATTERN 
1) Assume 1 5 %  e f f i c i e n t  c e l l .  
2) Assume peak power p o i n t  a t  500 mV t h e r e f o r e  w e  w i l l  have a n  
a v e r a g e  c u r r e n t  d e n s i t y  o f  30 mnA/cm2, which i n c l u d e s  shadowed 
a r e a s .  
To d e t e r m i n e  t h e  series r e s i s t a n c e  w e  w i l l  f i r s t  c a l c u l a t e  
t h e  l o s s  i n  power (AP) d u e  t o  series r e s i s t a n c e .  
#1) The 1 3  m i l  b a s e  m a t e r i a l  o f  3 Q-cm 
#2) D i f f u s e d  s u r f a c e  l a y e r  35 Q/0 
# 3 )  G r i d l i n e s ,  t h a t  a r e  6 m i l s  wide and .7 m i l  t h i c k  
and a c o n d t ~ c t i v i t y  o f  1 /3  t h a t  o f  b u l k  s i l v e r  
# 4 )  C e n t e r  ohmic o f  .7 m i l  t h i c k  and a  w i d t h  o f  40 m i l s  t o  
150 m i l s  
The t o t a l  r e s i s t a r ~ c e  w i l l  be t h e  s7m: 
CALCULATION QF S E R I E S  RESISTANCE 
R = r e s i s t a n c e  ( $ 2 )  
'' s i = r e s i s t i v i t y  of s i l i c o n  (5:-cm) 
t = t h i c k n e s s  of wafer  (cm) 
2 
A - a r e a  of w n f c r  (cm \1 
- - - 
- 
.t: R U - k s i  
t. 
--- (1) 
A - 7 -  
- 
, I  .2 s u r f a c e  resist-ivit.y ! . 
R 
'0 = l.onqLh of q r i d  l i n e  
' T 
1 
(assuming g r i d  l i n e s  qo t o  cdqe of 
wafe r )  1 
Xo - h a l f  d i s t a n c e  hctwoen o r i d  l i n e s  
j = c u r r c n t  d e n s i t y $  ohms/cm 2 I d dx q r i d  l i n e  
' tne e lement  o r  power l o s s  (p)  o v e r  an e lement  o f  s i l i c o n  dx,  i s  t h e  
s q u a r e  o f  t h e  c u r r e n t  e n t e r i n g  t h a t  e lement  times t h e  r e s i s t a n c e  o f  
t h a t  e lement  dx. 
i n t e g r a t i n g  a v e r  t h e  h a l f  d i s t a n c e  between g r i d  l i n e s  ( x  ) g i v e s  
0 
t h e  t o t a l  v o l t a g e  d r o p  t o  t h e  midpo in t .  
*AS a f i r s t  approximat ion  o f  power l o s s ,  t h e  c u r r e n t  d e n s i t y  ( j )  
i s  assumed t o  be independent  of d i s t a n c e  from g r i d l i n e .  
The t o t a l  r e s i s t a n c e  over  t h e  h a l f  d i s t a n c e  between g r i d  l i n e s  i s ;  
These a r eas  of h a l f  d i s t a n c e  between g r i d  l i n e s  a r e  a l l  i n  p a r a l l e l .  
X 
RD ( t o t a l )  = 'S i number of a r e a s  ( 7 )  
310 
C )  RESISTMICE O F  GRID LINES 
P ~ g  = r e s i s t i v i t y  of s i l v e r  p a s t e  (Q-cm) 
l o  - l eng th  of g r i d  l i n e s  (assuming 
g r i d  l i n e s  go t o  edge of wafer)  (cm) 
W = width of g r i d  l i n e  (cm) 
H = h e i g h t  of g r i d  l i n e  (cm) 
x o = h a l f  d i s t a n c e  between g r i d  l i n e s  ( c  
j = c u r r e n t  d e n s i t y  (amps/cn) 
Thu clcn~cnt: of power It>ss 0 ~ 0 1 ~  an  ol.t.111an.t o f  rrricl l i n e  d l ,  is 
t h e  sqlxnre 01 t h e  current cntcring t h a t  elerncnt timas t h c  rosist- 
ancc c ~ f  t h~ l t :  c l o i n ~ r ~ t  d l .  
cdp : ( 2  X, j 112 ( -- "nn -. "" ) 0 )  
<-i WII 
WIX 
T h t ~  t o t , ~ l  L-csisl ; lncvc l  aver t ha ql- i t l  lines i s :  
D) OHMIC COLLECTOR 
= r e s i s t i v i t y  of s i l v e r  p a s t e  
Ag 
lo = average d i s t a n c e  between ohmic 
and edge of  c e l l  
wi = minimum width of ohmic 
c o l l e c t o r  
wf = maximum width of ohmic 
c o l l e c t o r  
Lo = l e n g t h  of ohmic c o l l e c t o r  
i w i  
I 2' 
j = c u r r e n t  d e n s i t y  
Considering one h a l f  t h e  c e l l ,  t h e  element of power l o s s  
over  an element of  ohmic c o l l e c t o r  dR, i s  t h e  square  
of t h e  c u r r e n t  e n t e r i n g  t h a t  element t imes  t h e  r e s i s t a n c e  
s f  t h e  element dR. 
1 
w can be expressed a s  
I n t e g r a t i n g  over t h e  whole ohmic 
Form of 
2 2 
x 2 d x  - x - _  + L 1n (a + bx) 
a + bx - 2b b2 b3 
..) 0 
(excep t  where b approaches a )  
(except  where Wf :$ Wi) 
Then t h e  r e s i s t a ~ l c c  over  t h e  whole c e l l  becomes: 
SAMPLE CALCULATION OF SERIES RESISTANCE 
FOR GRID PATTERN #6314-08, FIGURE D-1 
w = .0152 c m  
H = 1 . 7 8  x  crn 
wi = 0, ,102 crn 
wf = 0 . 3 8 1  c m  
-3 H o = 1 . 7 8 x 1 0  c m  
Number of g r i d l i n e s  = 3 4  
A )  B a s e  Material R e s i s t a n c e  
B) R e s i s t a n c e  of D i f f u s e d  S u r f a c e  L a y e r  
C) Resistance of Gridlines 
D) Rcsistancc of ohmic collcctos 
Total resistance of contact pattern is: 
3 . 4 8  + 9 . 7 5  + 4 . 3 9  + 1 5 . 4 5  = 3 3 . l l m R  
ma-- A=-= - -. 
-'- :=3 7- .I20 TYP SPAC'ING 
OF 1 7  GRIDLINES 
DIE-IENSIrlNS ARE I N  INCHES 
TOLERANCES: .XXX - + ,003 




rower lo s s  3uc t o  r o s i s t n n c c  A s s u n ~ c  worst case 75'~, 0 . 8 A  per ce l l .  
. 4  x 3 m i l  r i b b o n  8 "  25 $2 pas  LOO0 P t .  
, I  x 2 m i l  r ibbon 4 9 . 5  i: per 1000  ft. 
1~c3nq t'h C?JI ;.px;A, Ill3 s s sect' . -- --- i t y  A ..-& * - - E52YS ra .- -. 
A -, 5" &# 0.8A . O O l l O W  
x 4 A-E s c q m p n t s  p e r  pane l  .18930W t o t a l  powcr  loss 
i n  bus bar s .  
.13200W power 
loss  
trotaL pawcr loss .32330'13 
o r  on 80W pane l  0 . 4 0 %  
Somplp c,l l ,culotion (Sec t ion  A) 
Appsndix F 
PROCESS SPECIFLCATIONS 
Bpectrolab, Inc .  
PROCESS ---- SPECIFIC.ATION 
SUNPACIS PI{E=PARATION - PBLISH ETCHING 
# 6314-0001 RcIr A 
February 25, 1980 
1, sco PI? 
The  descr ip t ion of a l l  n e c e s s a r y  requ i rements  to etch s i l icon wa fe r s ,  
The purpose  of thc p r o c e s s  to to r emove  as  much m a t e r i a l  as  n e c e s s a r y  
to el inl innts s u r f a c e  dnmagc. 
?. INIJ'CTT hlATERfnLS 
2. 1 Blank Wafers  (Spec, # 1 
3 . 2  Ilpdroch.loric tl cid 
3.44 City \\ 'nter 
A 
Y .  l?Q't:If'hif'NfI' ----- .AN13 F A C I I J T I C F  
4, 1 Thtb r~quiprncnt scltsctian and /o r  des ign fo r  th is  operat ion should be  
based on thc following: 
4.1. 1 Solution to be used will be  of the following conlposition: 3070 (W/V)  
sodiunl hydroxide in  water .  
4. 1.2  Thtl rtlnction that takes  p lace  eo~ssun les  NaOH a t  the theoret ica l  r a t e  
of 2. 80 g pt8r g r a m  of etched Si. 
4. 1. 3 Thtl alnount of Si to bc rt>lnovcd dcpends on the kind of wafer  being 
ctchcd. P r e s e n t  Cz-grown s ingle  c r y s t a l  wa fe r s  ( s l i c ed  with 
rec ip ruza t inc  bladtb s aws )  appea r  to yield sa t i s fac to ry  r e su l t s  when 
n total of approxinlatcly 75  (1 a r e  removec; f r o m  the th ickness  (i, e. 
approxinlatcaly 3Ti (t / s ide) .  
4, 1, 4 Eqila~jrnt \~ ' l t :  ti) hc1vc capsc-i ty  for handlinq 11 ern x 10 cm wafers 
19 zn diamt3tt>r wafels w l t h  expansLon capability to 15 cm 
s l 5  cr w; i t t3 rs ,  . 0 3 0  t ~ 3  . 0 5 0  cm t h i c k ,  
4 . 2  Equipment r equ i r ed  f o r  p r o c e s s  sequence a s  follows: 
4 .2 ,  1 N'afer c a r r i e r s .  
4.2.2 Sodium Hydroxide etch stat ion.  
4 . 2 . 3  Rinsc  s ta t ion (c i ty  wa t e r ) ,  
4.2.4 Hydrochlor ic  Acid stat ion.  
4. 2 ,  5 Rinse  s ta t ion (IT. I, wa te r ) .  
4.2.6 Drying station. 
390  
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4.2.7 Auton~atcd wafer load-unload and t ranspor t  system, 
4, 3 Type A tnanufacturing space for  above equipment, 
4, 4 Utilities a s  required for  operation of above equipment, 
4. 5 Heating, a i r  conditioning and equipment to comply with safety 
s tandards f o r  above manufacturing space, 
4 ,  b A sys tem to dispose o r  recover  mater ia l s  for  r e u s e  f r o m  byproducts, 
specifically: spent Sodium Hydroxide solution containing Sodium 
Silicate;  used 20$$ FHydrochloric Acid Solution; Hydrogen gas and 
r inse  waters.  I 
4, 7 Process  control instrumentation and in-line inspection equipment 
a s  follows: 
4.7. 1 Remote thermometers  to constantly monitor solutir~n tempera ture  
(a temperature r eco rde r ,  and an a l a r m  sys tem to indicate when 
solution temperature i s  outside of the established range, i s  
r eeomnlcnded), 
4.7.2 Autonlntic equipment to control the composition of the NaOH solution, 
4.7.3 Automatie thickness measuring equipment for  in-line inspection. 
4 .7.4 Microsespe, 1005, %00S, 40OS; binocular, for  in-line inspection ol 
wafer topography. 
4.7. 5 Automatic go/no-go gauge for  innline inspection of wafer outside 
dimensions. 
4 . 7 . t t  h u t o m s t i c  r e s i s t i v i t y  mt7asuring cquipment  ( 0 . 1  t o  10 ohm cm 
rsngt.\) . 
4.:- L;uipmt>nt: f o r  manual measurement  of minority c a r r i e r  l i f e t ime  
(r,Inat> 10 t ~ ?  500  m i c r s s e c o n d s )  . 
5. THROUGHPUTS AND LABOR CONTENT 
Assuming round- the-clock ( 3  shifts per  day) operation and .90 operating 
minutes per  minute. 
5. 1 Output rate:  25 polished w a f r r s  (10 cm x 10  cn) per o p e r a t i n u  m i n u t e .  
5, 2 Labor Content: 
5.2. 1 Semieonductctr Assembler :  (Cat, # B3096D) 1 person/shift  
5.2, 2 Electronics  Technician: (Cat, # B3704B) 
. 1 pcrson/nshi.ft 
5.2.3 Maintenance Mechanic .U: (Cat, # B3736D) 2 personishift  
6314-0001 Rev A 
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6 .  PROCESS SEQUE:NGE: AND PAS AMETERS I I 
6. 1 I m m e r s e  wafers  in  a solution of 30% 1% W /V Sodium Hydroxide in 
D, 1, water ,  
Tempera tu re  of the solutisn: 85 t 3 ' ~ .  A s  the react ion p rog res ses ,  
Sodium Hydroxide is being consumed and Sodium Silicate i s  fo rmed a s  
indicated in 4, 1. 2 
T i m e  of inlmersion: 15-20 minutes ( s e e  4, 1 ,3 ) ,  1 
6. 2 Rinse in city water  until pH of r i n s e  wa te r s  i s  7 o r  l ess .  
6.3 I m m e r ~ e  in  a 2070 solution of Hydrochloric Acid a t  r o o m  t empera tu re  
f o r  15 minutes.  The purpose of this soaking i s  to put in solution 
any i ron  that the wafers  m a y  be contaminated with ( f rom NaOH 
solution) and to neutral ize  any NaOH that may  have remained in the 
wafer.  An al ternat ive may be to u s e  i ron  f r e e  NaOH, followed by 
water  r i n se  and then Acetic Acid (30Yb) r i n s e  to neutral ize  trapped 
NaOII (as  determined by pH measurement ) .  
6. 4 Rinse in deionized wa te r  until HC1 is completely removed, Dry, 
6; 5 Trans fe r  wafe r s  t o  ncxt s ta t ioa  
7. BY-PRODUCTS -- - [Section 5. 1. 2) 
7. 1 Sodium Silicate that  remains  in solution. 
7.2 Hydroger~ gas  that escapes  out of solution. 
8, 1 -- I n - l i n e  Dimensions of incoming wafers  sha l l  be a s  follows: Length 1 0  cm-I- 
- 
, M'idth 10  cmt 
- 
Thickness0 .043  , a s  measu red  
with go/no-go gauge and thickness gauge (100% frequency); r e s i . s t i v i t y  
1 ohm eli~ m i n .  
8 .2  - Q. A ,  P r o c e s s  Control  T e s t s  
6 . 2 .  1 Inspection of sur face  under  microscope  (400X) to verify uniformity 
of etching a s  per  samples  for  comparison purposes  (27'0 f requency) ,  
8.2,  2 Inspection to verify above in-line inspection for dimensions and 
etching. (270 frequency. 
8.2.3 Testing to verify solution composition and operating pa rame te r s  
once per  hour. 
8 . 2 . 4  Minor i ty  c a r r i e r  l i f e t i m e  (1% f r e q u e n c y ) .  
Approved : 
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PROCESS SPECIFTCATXON 
-- 
JUNCTTON FORMATION - DIFFUSED WAFER 
#6?14-1002 
J u l y  28 ,  1980 
CODE WORD: DZFFUSE 
T h i s  specification d c s c r i h c s  t h e  r e q u i r e m e n t s  n e c e s s a r y  
t o  form a N+ j u n c t i o n  on n P-type s i l i c o n  wafer  u s i n g  a 
spin-on po lymer ic  d i f f u s i o n  s o u r c e .  Spin-on emitter d i f -  
f u s i o n  YOUYCC w i t h  a h i q h  t c m p f r n t u r e  d r i v e  i s  t h e  b a s i c  
process. 
2. INPUT E5ATERIALS 
2 . 1  P o l i s h e d  Wafers (Sgoc. t6314-0001 Rev. A PWAFER) 
2.2 B n l i t t c r  D i f f u s i o n  Source ( A l l i e d  Chemicals  Accuspin PX-10) 
3 .  INPUT SUPPLIES 
3 . 1  I sopropano l  t o  c l e a n  s p i n  equipment .  
4 .  EQUXPMENT AND FACILITIES 
--__I 
4 . 1  A p p l i c a t i o n  of  po lymer ic  d i f f u s i o n  s o u r c e  s h o u l d  be based  
on t h e  f o l l o w i n g :  
4 . 1 . 1  Sp inn ing  equipment t o  a p p l y  po lymer ic  s o u r c e  o n t o  o n l y  
one  s i d e  of wafer  ( p r e v e n t i n a  wick ing  o f  s o u r c e  
around edge  o f  wafe r )  . (Apply app;:~ximately 1 . 8  m l  p e r  w a f e r . )  
4.1.2 . I . R .  d r y i n g  equipment ,  t o  d r i v e  o f f  s o l v e n t s  from s p r a y e d  
wafe r s  (see 6.1.3)  . 
4.2 F i r i n g  equipment t o  d r i v e  emitter d i f f u s i o n  s o u r c e  i n t o  
wafer  800QC t o  1000°C, 5 t o  30 minu tes ,  n i t r o g e n  and a i r  
a tmosphere ( sce 6 .2 )  . 
4.3  A l l  equipment t o  have  c a p a c i t y  f o r  h a n d l i n g  10 c m  x 10  c m  
s q u a r e  and 10 c m  d i a m e t e r  round w a f e r s  w i t h  expans ion  
c a p a b i l i t y  t o  1 5  cm x 1 5  c m  w a f e r s ,  0.020 t o  0.050 c m  
t h i c k .  
4 . 4  Type A manuf i l c t~ r ing  space f o r  above equipment. 
4 . 5  Ut i l i t ies  fo r  above nquipmcnt. 
4.6 I leat ing,  a i r  cond i t i on ing  and equipment t o  comply wi th  
s a f e t y  s t anda rds  f o r  above manufacturing space.  
4.7 Wnstc d i s p o s a l  c o n t a i n e r s  f o r  c o l l e c t i o n  o f  s o l i d s  
(paper ,  j a r s ,  o t c . )  and l i q u i d s  (waste s o l v e n t s ,  e t c . ) .  
5.  THROUGHPUT AND LABOR CONTENT 
.-_BI-- we---- 
Assuming round-the-clock ( 3  s h i f t s / d a y )  o p e r a t i n g  and 
.90 o p e r a t i n g  minntes p e r  minute. 
5 . 1  Output r o t e  2 4  d i f f u s o d  wafers  (10 CK x 1 0  cm)/operating 
minuts.  
5.2 Labor ccn ten t :  
5 .2 .1  Sumiconductor Assembler: 8 - Spin d i f f u s i o n  source:  .2 persons/  
shif t /mach- 
i n e  
I R  Drying oven: . 2 0  persons/  
s h i f t /  i 
machine 
2  - Diffus ion  furnace:  .20 persons/  
s h i f t /  i 
machine 
5.2.2 E lec t ron  Technician:  .02 pe r son / sh i f t / sp in  machine 
(Cat .  #B3704D) .05 person/sh i f t /d ry ing  oven I 
.05 pe r son / sh i f t / d i f fu s ion  fu rnace  I 
5.2.3 Maintenance Mechanic 11: .05 pe r son / sh i f t / sp in  machine 
(Cat .  #B3736D) .05 person/sh i f t /d ry ing  oven 
.05 pe r son / sh i f t / d i f fu s ion  furnace  I 
6. 
- 
PROCESS SEQUENCE AND PARAMETERS 
Spin-on emitter d i f f u s i o n  source .  
6 .1 .1  P l ace  wafer on p c d a s t a l .  
d i f f u s i o n  source  on to  wafer.  
6.1.3 Spin  wafer. (3000 rpm, 1 0  s e c . )  
I R  Bake f o r  3  minutes @ 
6 . 3  Dif fuse  wafers 1 0  minutes i n  n i t r o g e n  atmosphere @ 9 0 0 ~ ~  
+ 5  and 5  minutes i n  a i r  atmosphere @ 9000 + ~ O C .  
- - 
6 . 4  Allow wafe r s  t o  c o o l  t o  room t e m p e r a t u r e .  
6 . 5  T r a n s f e r  w a f e r s  t o  n e x t  s t a t i o n .  
7 . 1  S o l v e n t s  t h a t  e v a p o r a t e  from d i f f u s i o n  s o u r c e .  
8. PRODLCT REOUIREMENT AND O.A. 
8 . 1  In-Line s h e e t  r e s i s t a n c e  n l e a s u r e ~ 2 n t s  o f  d i f f u s e d  
s u r f a c e s  w i l l  be performed j u s t  a f t e r  aluminum 
c l e a n i n g ,  CLNBACK. 
P r e p a r e d  by: 
Nick Mardes ich ,  S r .  Eng inee r  
Approved by : 
P ograrn ~ a n a g 6 r  9 
SPECTRQLAB , INC . 
PROCESS SPECXFJCATIQN 
Irti-mcu;aurm 
f'ltINT AND 31*1KI;: BACK SURFACE FIELD SOURCE 
4 
This spccificntina clcscribcs the requiraments necessary to obtain a Pt 
brlclt r;urIacr 031 an N+ diffuartd wafer using screen printed and fired 
nlulr3i~nzlr past c., 
3 , s  Xyl t.11 t. 
4, 
-a 
E~Q~~IPhl l?N 'S  AN11 F A T  IS ,ITIk:S 
SsS -"- _ 9- -1 3 1  -. -CC_ -_P 
4, 1 Screen pr in t i x l~  ~ y s t c l n ~ ,  nutonlatic; cnpnblt? of psintinc; a 3 .  9" x 3,  9" 
ixniii:r. on ,i 4" s b i l l  \vafcr, h l u s t  bc adaptable for wnfcxs up to 6" x 6''. 
3, 2 I l ry ing  e,quipnlr.xll; to drive off solvcnts from paste-printed substrates 
(6t.t. h ,  2) '  
4 . 3  E'irix.1~ cquipnlt.nt; t u  f i rc  paste on contc~d wafers ( e c c  6,3), 7 0 0 - 9 5 0 ~ ~ ,  
10- it0 tj c.osnr1 d\\*t,ll tinlt\, 5 second Inns, tcr~lpcraturt?. (cnvironmcnt) 
transition tinrtt up and do~vn,  
4,  5 ltCquipnlent for t:bsting 1'4 bacle aurfncc field, 
4. tf E:nvir~~rxn~cnt,il 1 cst equipment ( 160$:1 RliE.3 @ 7 0 " ~ ) ~  
4, P 'IJ tilitit.:; f o r  iibo\*v tbquipntc~,t, 1 
8 
4 . 9  l I cnt in~ ,  air ca~ ld i t ion ix~~ ,  and equipment to comply with safety standards 
fox abct\vtb n~snuP,zc tur inn  space,  
4. 10 Waste disposal or r e r n v c r y  nf solids (paste rssiducs, paper, jars, ctc, ) , 
and liguitls ( w . r ~ t t *  sol~*t*nt, tllixuler, vt*hiclcs, etc, ), 
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-5. THROUGHPUT AND LABORCONTENT 
Assuming round-the-clock ( 3  shifts per  day) operation and .9O operating 
minutes per minute. 
5. 1 Minimum output rate:  25 back sur face  field wafers  (4" x 4") pe r  
operating minute. 
5.2 Labor content: i 
5.2. 1 Semiconductoi. Assembler  (Cat. # B3096D) 
5.2.2 Electronics Technician (Cat. # B3704D) 
5.2.3 Maintenance Mechanic I1 (Cat. # B3736D) 








, 10 persons/shif t /  
machine 
6, PROCESS PROCEDURES AND PARAMETERS 
6. 1 Print  wafers  with aluminum paste  (approximately 1 mil thick when 
applied). 
6.2 D r y  applied paste; 15 - + 1 minutes @ 200  - + 5 ' ~  in a i r .  
6.3 F i r e  dr ied  paste; 45 - t 1. 5 seconds @ 850 - + 2 ' ~  in  a i r ,  5 sec.  'max.  
transition. (See Note 9.6) 
6 . 4  ~ l l o w  wafers  to cool to room temperature,  5 sec. max. transit ion. I j 
6.5  Load wafers  into cassette.  I 
6 .  6 Transfer  wafers to next station. I 
7. BY-PRODUCTS 
7. 1 Pas te  thinner vapors a t  printer.  
7.2 Pas te  vehicle and thinner vapors a t  drying and firing. I 
7 . 3  Cleaning- solvent vapors when cleaning equipment and supplies. 1 
7 . 4  Total estimated amount of fumes: 5. 54 cu. ft. /operating minute. I 1 
7.5  Waste paste. 
8. !)RODUCT REQUIREMENTS AND Q. A.  
8. 1 In Line Backfield surface to be Pt  a s  indicated by open circui t  voltage 2 of 0.6 volts min. with 100 mMT/cm illumination (10% frequency). To 
be done af t er CLN b ack. 
9. NOTES 
9. 1 There a r e  three  options on sc reen  m e s h  mater ia l s ;  polyester with 
exceptionally long life,  nylon for  difficult contours and s tainless  s tee l  
for  bet ter  line definition and overal l  pr int  consistency. 
On stainless s tee l  s c reens  a 70 Durometer  squeegee @ 4 to 6 lbs. of 
p r e s s u r e  should b e  the choice; with polyester s c r e e n s ' a  60 Durometer  
flexible squeegee with 3 to 4 lbs ,  of p res su re  is recommended. 
Pr es ently available sc reen  printing equipment is capable of making 
3,000 impressions per  hour; however, it will only do a l i t t le  be t te r  
than 1,50O/hr. when the substrate  s i ze  i s  a s  l a r g e  a s  the one in this  
specification. 
T V  monitoring of the printc . cycleis also presently available, 
Drying and firing equipment could be an infrared conveyor furnace with 
two sections,  one fo r  drying and the other  for  firing, 
The f i r i n g  pa ramete r s  g iven i n  Paragraph  6 .3  were determined f o r  a pa r -  
t i c u l a r  case ,  The e x a c t  f i r i n g  pa ramete r s  f o r  the d r i e d  alumirium paste 
must hc e m p e r i c a l l y  determined f o r  the p a r t i c u l a r  f u r n a c e ,  f u r n a c e  l o a d  
and wafer c o n f i g u r a t i o n ,  




;py-tdk 7 ~ / 1 a a  
Nick Mnrdesich,  Engineer  
Spectrolab, Inc. 
I 
1IKMOVE 0x1 DE AN 13 GIIEAN A L U M I N U M  BACK i 
I 
A 1  I l lh> I I ~ v - I ~ s : ; ~ ~ ~ ~  I - I L J ~ ~ ~ ~ o ~ ~ ~ I I C S  t o remove t h e  o x i d e  l n y c r  from t h [  
U 
f 1 n n t  : i l l 1  i .i,*p of W U ~ P ~ S ,  dnd t o  c l e a n  c3f f t h e  excrss  aluminunl  
f ron~ the? I , .~ rk  r o n t . % c t  s u l f . ~ c - r  of t h e  same wafers arc  Jcsoribcd i l r  
t h i s ;  sw>t*i f ic-ntits1-l. 
4 . 1 1 t : :  c tht. ~ q ~ l i p n h - n t  t o bc sr l e c t e d  o r  d e s i g n e d  f o r  
t 1 1 . 1  i i t; t o m y  ( h~ 1 ln s in t " c r ed  a luminum f rom the 
surf .i,.c o f  t hc  i-t-11 s; a f t  c r  a t  r t 'a t .mpnt (scc 6 . 0 )  t h a t  l o o s r n s  
t  11c\ 1 ~ , ~ \ < \ i t > l  .
4.1.1. 1 ? t  h c  u n s i n t  L'I.EJ i l l t l ~ l \ i ~ ~ \ l m  s l lould p r p f ~ > r d b l y  h~ 
o r i - o n l ~ ~ l  i ~ 1 1 ~ 7 ~ 1  lry ,I Irl-ushinky or ot hi>r  e q u i v a l e n t  o p e r a t i o n .  Care 
s h o u l d  t . ikcn i n  t h e  ( l t ~ s i i ~ n  of t l l r  r ~ l l  h l i n d l i n q  p ~ r t  of t h c  
i ~ 3  [I i ~ ) I I \ L ~ I I  t . 
~ i . 1 . 2  I t  i s  i t  1 t  13 n ~ > t  n t h.it n h y d r o f  l u o r i c  a c i d  so lu t . io11  i s  
i i n  t  h i  s t t  I ,  t h o ~ - t - f  o r c a ,  spcrinl s a f e t y  pri-taut ions 
s i l k~ t \ l t i  i lr> t  .rktbn i n  t  111- tit\ai , ~ n  of t . 11~  t3uc to t h t >  n d t u r e  
o f  thr. , ~ ~ * i c l .  
4.2 H y ( h . o f ] u o ~ * i c   id sc1111t ion c ~ v n p o s i t  irm s h o u l d  be: 5% + 1% HF. 
T h i s  ma). IN. pl rp.31,l'd by  m i s i n q  1 00 1: 2 %  o f  a cc?nci>rl tratct l  50% HF 
sol u t - i o n  w i t h  t l~>icwizcd water.  
4 . 3  Equilmt'nt t o  h ~ v c  c . ipa~-i ty  fo r  h a n d l i n g  1 0  c m  x 1 0  c m  sclllsrc o r  
1 0  c m  d i o ~ \ ~ c t p r  ~ - ~ r u n d  ~ . i f r > ~ s ,  w i t h  e x p a n s i o n  c a p a b i l i t y  up to 
1 5  L-m x I L ;  crn wLifttr.s. 
F"' 
i 
E q u i p m e n t  r e q u i r e d  as per p r o c e s s  sequence. 
Type A m n n u f a i * t u x i n g  space t c r  above e q u i p m e n t .  
U t i l i t i e s  a s  l c q u i r a d  f o r  o p e r a t i o n  of above e q u i p m e n t .  
H e a t i n g ,  a i r  c o n d i t i o n i n g  and equipment t o  comply w i t h  safety 
s t a n t l a r d s  f o r  al,t,vc n ~ , ~ n u f  a c t u r i n g  space. 
A spstc>rn t o  dinpusc> o r  rocovcr  m a t e r i a l s  f o r  reuse from by- 
produ( - t  s : Aluminu~n  gowdrr , s p e n t  HF s o l u t i o n ,  ctc. 
'I'IiH(1I1GI1I'UT AND IAf38R CQN'llI:NT - .  
r l s s u o i n q  round - t l l c - c lock  ( 3  shifts per day) o p e r a t i o n  a n d  .90 4 
c~ycl-at  i n q  m i n u t i - s  per m i n u t e .  
Ou l . pu t  ~ - , i l c :  2 5  cqlt.;ln b a c k  sur- face  f i e l d  w a f e r s  (10 c m  x 1 0  cm) p e r  
crpc'rdt i nq m i n u t  c . I 
S v a i c o n d u c t o l -  A::sLtn\blor: ( C a t .  # 8 3 0 9 6 ~ )  1 p r r s c , n / s h i f t  1 
M a i n t c n n i ~ r r  M ~ ~ ~ - h ; l n i c  I1 : ( C a t * .  # 8 3 7 3 6 ~ )  .1 p c r s o n l s h i f t  
PROcIlSS SI:QcTL.:Nt.'E AND PARAh1E:'I'I:RS 1 
Immpysc w,ii*L'rs i n  a 5':. ~ y d r - u f l u o l - i c  A c i d  s~lution 4 .  2 )  
Timc:  4 k .2 m i n u t e s  (1  
T o m p c r c i t t ~ l - c :  Room ( 2 5 O ~  & 5 C )  
R i n s e  i n  S c i a n i z c J  w . t t e l - .  ( T i m e  of t r o n s f  cr s h o u l d  bc m i n i m i z e d  
t o  a\?oici coi~t.lct n f  I1Y-wt ' t . tcd w a f e r s  w i t h  a i r . )  T h i s  i s  a 
q u i c k  rinse, so it c o u l d  p o s s i b l y  be a c c o m p l i s h e d  by s p r a y i n g  
1 w a t u r  w h i l e  wafi>r-s a r c  t r - n n s f c r r e d  from 6 . 1  t o  6 . 3  s o l u t i o n .  
Time : ti -I- 1 s i ~ ~ r ~ n d  
~ c m ~ c - . r , ~ ~ u  : R o o m  
Tmmcrsc i n  a 3 %  (2-4:) oamav~ium h y d r o x i d e  s o l u t i o n .  
T i ~ n c :  2 + . 2  mintlt es  
T ~ ~ ; ~ \ p ~ r . ? t u ~ - t ' :  Rotrnl
Dry 
0 Rake fo r  5 .L - 5  n ) i ! l t ~ t ~ s  at 1 0 5  C i n  a i r .  
Rt>mcn2tl  loose. a1 umjl1~111 powder from s u r f  ace. 
6314-0004 Rev,  B 
6 . 8  Immerse w a f e r s  i n  1 0 8  h y d r o c h l o r i c  a c i d  s o l u t i o n .  
Time: lf .1 m i n u t e s  
T c m p c r n t u r e :  Room ( 2 5 %  f 5 ' ~ )  
6 . 9  Immerse w a f e r s  i n  1 0 8  h y d r o f l u o r i c  a c i d  s o l u t i o n .  
Time:  1 f .1 m i n u t e s  
T e m p e r a t u r e :  Room ( 2 5 O ~  :\ 5 ' ~ )  
6 . 10  Immerse i n  c o n c e n t r a t e d  a c e t i c  a c i d  
Time:  1 f .1 m i n u t e s  
T e m p e r a t u r e :  Room 
6 . 1 1  R i n s e  i n  d e i o n i z e d  w a t e r .  
Time:  2  f .2 m i n u t e s  
T t>mpern ture :  2 5 O ~  f ~ O C  
6 . 1 2  Dry .  
6 . 1 3  T r a n s f e r  w a f e r s  t o  n e x t  s t a t i o n .  
7 . 1  Aluminum powder  f r o m  t h e  b a c k  o f  w a f e r s .  
7 . 2  E x h a u s t c d  h y d r o f 1 u o ~ - i c  a c i d  s o l u t i o n .  
7 . 3  E x h a u s t e d  ammonium h y d r o x i d e  s o l u t i o n .  
7 .4  E x h a u s t e d  a c e t i c  a c i d  s o l u t i o n .  
7 . 5  A c i d i c  a n d  b a s i c  r i n s e  w a f e r s .  
7 . 6  E x h a u s t e d  h y d r o c h l o r i c  a c i d  s o l u t i o n .  
8 .  PRODUCT REgU IRE:ME:NrrS AND Q.  A .  
.. f . - _  -- X V X  -- . . - - -_ _ ' _  - * . - -.- 
8 . 1  I n  - - - - a  L i n e  -- v i s u a l  i n s p e c t i o n  t o  d e t e r m i n e  w h e t h e r  o r  n o t  
a l l  u n s i n t c r e d  a luminum h a s  b e e n  removed.  
8 . 2  @ . A .  P r o c e s s  C o n t r o l  T e s t s  
-- - - - - . -b- * - -  
8 . 2 . 1  Aluminum layer s h o u l d  p a s s  a 90° p u l l  t e s t  o f  a t  l e a s t  
500 gms. when a  # 2 2  g~3uge  s o l i d  c o p p e r  w i r e  i s  s o l d e r e d  
t o  a  t i n n e d  p a d  (1 c m  x 1 c m )  t h a t  h a s  b e e n  a p p l i e d  t o  
t h e  s u r f a c e  w i t h  a n  u l t r n s a n i c  s o l d e r i n g  i r o n .  One 
t e s t  ce l l  r u n  o n c e  p c r  h o u r .  (1 /1350  f r e q u e n c y )  
S h o u l d  p a s s  same t e s t  a s  a b o v e  a f t e r  1 week of e n v i r o n -  
m e n t a l  exposure (70°c  a n d  100% h u m i d i t y )  . Ten t e s t  
ce l l s  r u n  o n c e  per wcck (10 /162 ,000  f r e q u e n c y ) .  
- 4 -  
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8 . 2 . 2  I n  L i n e  sllcct r e s i s t i v i t y  mcasu r smen t  o f  d i f f u s e d  s u r f  a c e ,  
-- - 
35 t o - 7 5  Sl/D (100% f r e q u e n c y )  m u s t  b e  d o n e  a f t e r  c e l l  
c l e a n i n g .  
8 . 2 . 3  I n  L i n e  b a c k f i e l d  s u r f a c e  t o  b e  P+ a s  i n d i c a t e d  4 y  o p e n  
-- ---. *--- 
c i r c u i t  v o l t a g e  o f  0 .6  v o l t s  min.  w i t h  1 0 0  mW/em i l l u m i -  
n a t i o n  (108  i r c q u e n c y ) .  To bc d o n e  a f t e r  CLN b a c k .  
9 . 1  The f i r i n g  o f  t h e  p r i n t e d  a luminum,  as  d e s c r i b e d  
i r ~  P r o c e s s  #6314-0003 B CONT, a l l o y s  it t o  t h e  s i l i c o n .  
-- = However a good p o r t i o n  r e m a i n s  u n s i n t e r e d ,  a s  it i s  
r e f e r r e d  t o  t h r o u g h o u t  t h e  p r e s e n t  s p e c i f i c a t i o n .  T h i s  
u n s i n t e r o d  aluminum h a s  t o  b e  removed b e f o r e  p r o c e e d i n g  
to t h e  n e x t  s t e p  i n  t h e  m a n u f a c t u r i n g  p r o c e s s .  
9 . 2  T h i s  powder i s  v e r y  f i n e  and l o o s e  on t h e  s u r f a c e ,  b u t  
n o t  e a s y  t o  remove c a m p l c t e l y .  A b r u s h i n g  i n  c o n j u n c t i o n  
w i t h  suc t . i on  i s  t h e  t e c h n i q u e  u s e d  f o r  l a b o r a t o r y  scale 
o p e r n t i o n s .  
9 . 3  S t e p  6 . 6  of  t h e  p r o c e s s  s e q u e n c e  i s  p r e s e n t l y  b e i n g  u s e d  
t o  f a c i l i t a t e  r e m o v a l ,  howcver  it may n o t  be necessary i f  
a d i f f e r e n t  t e c h n i q u e  i s  u s e d .  
9 . 4  The p u r p o s e  o f  t h e  hydrochloric,hydrofluoric a c e t i c  a c i d  
and h o t  d e i o n i z e d  w a t e r  t o  r i n s e  i s  t o  e l i m i n a t e  any  a lumi -  
num f l u o r i d e  t h a t  may h a v e  f o r m e d ,  as  w e l l  a s  t o  p r e p a r e  
the f r o n t  s u r f a c e  f o r  t h e  a p p l i c a t i o n  o f  c o n t a c t s  w i t h  
goad  a d h e r e n c e  t o  t h e  s i l i c o n  s u r f a c e .  
IMPORTANT: I f  n e c e s s a r y  t o  s t o r e  wafers i n  p r o c e s s  it 
s h o u l d  b e  done  b e f o r e  S t e p  6 .8  o f  t h e  p r o c e s s  s e q u e n c e .  
S t e p s  6 . 8  t h r o u g h  6 . 1 3  s h o u l d  i m m e d i a t e l y  b e  fo l l ov red  b y  
the n e x t  o p e r a t i o n .  2 h r s .  maximum d e l a y  t i m e .  
Approved by: n 
P r e p a r e d  by: 1 
E n g i n e e r  
SPECTKOLAB, INC.  
PROCESS SPECIFICATION 
JUNCTION CLEAN - LASER SCRIBE 
#6314-1007 
J u l y  28, 3980 
COD1 WORK: J CIJEAN 
SCOPE 
-.= 
This  s p e c i f i c a t i o n  d e s c r i b e s  t h e  requirements  f o r  c e l l  
junc t ion  i s o l a t i o n  by l a s e r  s c r i b i n g  through t h e  p+ back 
l a y e r  and breaking.  
2 .  INPUT MATERIALS 
-- -- -a". 
2 . 1  Remove oxide and c leaned  aluminum back (Spec. #6314-0004 Rev. 
CLNBACK) . 
INPUT SUPPLIES 
Deionized wntcr 1 0  c . c . / h r .  
Cooling water  3 gal/min. 
Krypton a r c  lamps (200 hr. l i f e )  
I l l umina t ion  lamp (50 h r .  l i f e )  
F i l t e r s  Ear p a r t i c l e  vacuum exhaus t  system 
EQUIPMENT AND FACILITIES 
- +- 
Nd-YAG l a s e r  s c r i b e  system capable  of s c r i b i n g  a r e c t -  
angu la r  p a t t e r n  up t o  1 0  cm x 1 0  cm i n  TEMoo l a s e s  mode. 
C a s s e t t e  t o  c a s s e t t e  l a a d  and unload. 
A l l  equipment t o  have c a p a c i t y  f o r  hzndl ing 1 0  cm x 10 cm 
square  wafers  o r  10 cm diameter  round wafers  wi th  expan- 
s i o n  c a p a b i l i t y  t o  15 c m  x 15 cm wafers .  
Type A manufacturing space f o r  above equipment. 
U t i l i t i e s  f o r  above equipment. 
Heat ing,  a i r  c o n d i t i o n i n s  and equipment t o  comply w i t h  
s a f e t y  s t anda rds  f o r  above manuEacturing space.  
Waste d i s p o s a l  c o n t a i n e r s  f o r  c o l l e c t i o n  of p a r t i c l e s .  
5. 
---___a 
THROUGIIPUT AND LABOR CONTENT 
Assuming round-the-clock ( 3  s h i f t s / d a y )  o p e r a t i n g  and 
.90 o p e r a t i n g  minutes  p e r  minute.  
5 .1  Output r o t e  8 . 3 3  or 12.5 d i f f u s e d  wafe rs  (10 c m  x 10 cm)/ 
o p e r a t i n g  minute.  
5.2 Labor con ten t :  
5 .2 .1  Semiconductor Assembler: 3 .5  person/shi f t /machine  
(Cat. #B3096D) . 
6. -.- PROCESS -- SEQUENCE AND PARAMETERS I _ _ _  
Load wafer onto vacuum hold-down chuck. 
6.2 Engage vacuum. 
6.3 S t a r t  cycls. 
6 . 4  Unload wafer  from vacuum chuck. 
6 . 5  Break edge of  wafer .  
7. BY-PRODUCTS 
7.1  S i l i c o n  p a r t i c l e s .  
8. 
*-*-- - 
PRODUCT REQUIREMENTS AND & .A .  
--_-- _Y_- P
8 . 1  In-Line nane . 
8.2 .- Q.A. P rocess  Con t ro l  T e s t s  
8 .2 .1  Sc r ibed  groove nlust bc n o t  more t h a n  0.025 c m  from wafer  
edge. T e s t  1 c e l l / h o u r  (1/1350 f r equency ) .  
9 .  NOTES -* 
P r e p a r e d  by: 
nn 
Nick Mardes ich ,  S r .  Eng inee r  
Approved by: 
A 
f rogram Manager 
SPECTROLAB , I N C  . 
PROCESS SPECIFICATION 
PRINT AND FIRE FRONT CONTACT 
CODE WORT?: FRONTCONT # 6314-0005 Rev A 
June 22,  1979 
1. SCOPE 
This  specification descr ibes  the requirements  necessa ry  to obtain 
a collector gr id  on the Nt diffused wafer using sc reen  printed s i lve r  
paste. 
2. 'INPUT MATERIALS 
2, 1 J u n c t i o n  Clean Wafer (Spec .  U6314-1007 JCWAFER) 
Si lver  Printing Paste ,  (Spec. 
3. INPUT S U P P L E S  
3. 1 Printing Screens  
3.2 Squeegee 
3 , 3  - Ifutyi Carbit01 
3.4 Xylene 
3, 5 #600 Scotch tape 
4. EQUIPMENT AND FACILITUES 
4, 1 Screen  printing sys tems,  automatic;  capable of printing a 4" x 4" 
image on a 4" x 4" wafer.  Must b e  adaptable for  waiers  up to 6" x 6". 
4.2 Drying equipment; to dr ive off solvents f r o m  paste printed wafers  
( s e e  6,2) ,  
F i r ing  equipment; to f i r e  paste  on coated wafers  600 to 800°c, 20 to 60 
seconds with 5 second r a m p  f r o m  4 0 0 ' ~  to peak, air atmosphere 
( s e e  6.5). 
4 . 4  Type A manufacturing space for  above equipment. 
4.5 Util i t ies fo r  above equipment. 
4.6 Heating, a i r  conditioning, and equipment to comply with safety 
s tandards for  above manufacturing space. 
4.7 Waste disposal containers o r  recovery of solids (paste  residues,  paper ,  
j a r s ,  etc. ) and liquids (waste  solvent, thinner, vehicles, etc. ). 
4.8 Pul l  t e s t  equipment. 
5, THROUGHPUTANDLABORCONTENT 
Assuming round-the-clock (3 shiftslday) operation and . 9 0  operating 
minutes pe r  minute. 
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. 
Output r a t e  25 front  contacted wafers  (rlif x 4") /operating minutes 
5.2 Labor Content: 
5.2. 1 Semiconductor Assembler:  (Cat, # ~3096D) ,20 perisonsfshift 
machbe 
5.2. 2 Electronic Technician: (Cat. # B3704D) .10 pershns/.hift 
machine 
6 , PROCESS SEQUENCE AND PARAMETERS 
6. 1 P r in t  front gr ids  on wafers with s i lver  paste  (approximately 1 mil 
thick when applied), (6 m i l  wide lines). 
6.2 Dry applied paste  10 + 1.0 minutes @ 125 + 1 0 ' ~  i n  a i r .  
6.3 F i r e  dr ied  paste 20-25 seconds @ 700 + 2 ' ~  air atmosphere.  
6 . 4  Allow wafers  to cool to room temperature.  
6. 5 Trans fe r  wafers  to next station. 
7. 1 Pas te  thinner vapors  a t  printer.  
7.2 P a s t e  vehicles and thinner vapors when drying and firing. 
7.3 Cleaning solvent vapors when cleaning equipment and supplies. 
7 .4 Total estimated amount of fumes: 0. 1 ctl, ft. /operating minute, 
7 .5  Waste s i lver  paste, 
8, PRODUCT REQUIREMENTS AND Q. A. 
8. 1 In Line None, 
8.2 -- Q. A. Process  Control Tes t s  
8.2. 1 Front  gr id pattern: 
8.2. 1. 1 'Silver must  be adherent and be able to pass  #600 scotch tape t e s t  
Spec. $: (ASTM # 
8.2, 1.2 Should pass  s a m e  test  a s  above af te r  2 weeks of environmental exposure 
(70'~ and 1002 humidity). Ten  t e s t  ce l l s  run once per  week (10/162,000 
frequency). 
8.2.2 Ohmic solder  pads: 
8.2.2. 1 Silver contact pad must  be solderable  with 62 Sn, 36 Pb, 2 Ag aolder.  
8.2.2. 2 Silver contact pad should pass  a 90' pull t e s t  of at l eas t  500 g r a m s  
when a #22 gauge solid copper wi re  is soldered to it. One t es t  ce l l  
run once pcr  hour (1 11350 frequency). 





8 .2.2.3 Should pass same test  a s  above after 1 week of environmental cxpoaure 




9. 1 There a r e  three options on screen mesh material$; polyester with 
exceptionally long life, nylon for  difficult contours and stainless steel  
fa r  better line definition and overall print .consistency. 
9.2 On stainless steel screens,  a 70 Durometer squeegee @ 4 to 6 pounds 
1 of pressure should be the choice; with polyester screens a 60 Durometer 
1 flexible squeegee with 3 to 4 pounds of pressure  i s  recommended, 
1 9 . 3  Presently available screen printing equipment is capable of making 
I 3,000 impressions per hour; however, i t  will only da a little better 
than 1,50B/hr, when the substrate size i s  a s  large  a s  the one! in this 
j specification. 
i 9.4 T V  monitoring of the printing cycle i s  also presently available. 
I 
'I 9.5 Drying and firing equipment could be an infrared conveyor furnace 
2 with two sections, one for drying, and the other for firing. 
Approved by: 
777- 
Nick Mardesich,  Engineer  





J u l y  28, 1980 
CODE WORK: AR COAT 
1. SCOPE 
This s p e c i f i c a t i o n  d e s c r i b e s  t h e  requirements  f o r  
evaporated a n t i - r e f l e c t i v e  f i l m  on f r o n t  con tac ted  
wafer. 
2 .  INPUT MATERIALS 
2 .1  Front con tac t ed  wafer (Spec. #6314-0005 Rev. A,  FWAFER) 
2.2 S i l i c o n  monoxide ( SiO) powder 
3. INPUT SUPPLIES 
Nitrogen gas  
Nitrogen l i q u i d  
3.3 Cooling water 
4 .  
-- 
EQUIPMENT AND FACILITIES 
4 . 1  Appl ica t ion  of AR evaporated coa t ing  should be based on 
t h e  fol lowing:  
4 . 1 . 1  High vacuum depos i t i on  system 
4 . 1 . 2  Domed P l z l e t a r y  f i x t u r i n g  system 
4.1.3 Automatic d e p o s i t i o n  moni tor ing system 
4 . 1 . 4  I n - l i n e  micron f i l t e r i n g  a p a r a t u s  
4 . 2  A l l  equipment t o  have c a p a c i t y  f o r  handl ing  1 0  cm x 1 0  cm 
square  o r  1 0  ctm diameter  round wafers  w i th  expansion 
c a p a b i l i t y  t o  15 cm x 15 cm wafers .  
4.3 Type A manufacturing space  f o r  above equipment 
4 . 4  U t i l i t i e s  f o r  above equipment (wate r  and n i t rogen )  
4.5 Heat ing,  a i r  cond i t i on ing  and equipment t o  comply wi th  
s a f e t y  s t anda rd  f o r  above manufacturing space.  
4 . 6  Waste d i s p o s a l  c o n t a i n e r  f o r  c o l l e c t i o n  of  s o l i d s  (paper ,  
j a r s ,  e t c . )  
6314-3008 
--I  
July 28, 3980 
5.2.1 St?,nlit-cindcict o r  Assi?lublcr : J .2 pc.;.rsans/sl~iPt/mnchine 
6 .  PIlC1CIf:;S SEQLIKNCK AND I'RIIRMET1I:RS 
-I I ^  - -_X__c - ~ V r  _=_. 1- - - ,, _- I a L J  ._=f _* . - - 41-1  U L h 
6.1 Lok~d L'C> 1119 
6.1 .1  Lc.r,iti ccbl 1 s i l l t o  ylol'lctiiry f i x t u r e .  
6.1.2 I,t),\tl p lnnt%t nl-y sys tem in to  l l u y ~ > s i t i o n  system. 
6.2 llcbposi t. AH t-oLit in(] .  
6.2.3. -G C' l c ~ s t ~  c*litlmk~lc?x' anrl pump tlown t c ,  5 x 10 . 
6.2, 2 I.:v,ipc,\',tt tr 5; i 1 i r:oll ~ ~ u m o x i d c  :b 750a. 
6,2..3 ~Iptbn c*11,1111bll r , 
6 . .3 [ I n  1 o , ~ i  ~ - t \ 1   $3 
b . 3 . 1  I ? c ~ I I \ o v ~ ~  1, i n c b f  ,fry s y s t  c b l n  l'rom clcpt>si t ion system. 
6.3.2 (111 1 ~ , \ d  iqi\ 1 1  t i  i ' r ~ ~ n ~  p 1  t.ill~\t,t~~:y ~ " ~ X ~ U L - C  . 
($ . 4 Tr,irlt; l t> I' w,t f \ \ l '  i nc'xt s tat ion . 
7,  i3Y -1'R~~lXl~'~l~:i 
. - * -- ---..--. *- -mspm.r c .. a,, 
7.1 tTnut;.;,\h 1 t b  w i  1  i.croxl monos id^ powder 
d .  l'I~~~I~~l~'rll 14!*:Gtll 131~Pl13Nf~1S AN11 Q . A .  
- _- a, "--- _ f _ l  m___^_ -_pl-*i--.* --_--- .I*.----*- -an-- --e.-L--.ro 
8.1 Q.A. I ' 1 ' t ~ ~ ~ e n s  c'oxltx'ol Tt \ s i  
8.1.1 Vfis1~31 i.~l:i~)~>c't i o n i ~ l r  urli f c ~ m ~ i t  y of t h i c k l l c s s  and color. 
8.1.2  Measure ixlclux CJC r e f ' r l~c t ion  1 e c l l / h o u r .  
8 .1.3 T t l s t  1 co 1 i ,"hour,  
6314-1008 
July 28, 1980 
Prepared by : 
7 7  . I t 
N ~ c k  Mardesich, S r .  Engineer 
Approved by: 
A /I 
P ogram ~ a n a e f e r  J 
SPECTROLAB , INC. 
PROCESS SPECTFXCATIOK 
CELL TEST 
CODE WORD: CELL TEST 
1. SCOPE 
T h i s  s p c e i f i c n t i o n  desc r ibes  t h e  procass  r equ i r ed  f o r  
t e s t i n g  o f  t h e  c e l l s  p r i o r  t o  s t a r t i n g  t h e  i n t e r con -  
nec t ing  process .  
2 .  INPUT MATERSM, 
--*---- 
Fin i shed  C a l l  (Spec. # 6 3 !  4-1008 PCELL) 
3 .  INPUT SUPPLIES 
w --- -- 
3.1  Cooling Watar 
d _ ,  EQUTFMENT AND FACILITY 
N_-w. *I_r-ls___P_-- -- _-.Ln- 
4 . 1  Transpor t :  --- The equipment s h a l l  be a b l e  t o  move c e l l s  
t~ t h e  ccansfer p o s i t i o n  and a f t e r  t e s t i n g  t o  t h e  end 
of t h i s  s t a t i o n .  
4 . 2  Transfe r :  --.-...-..---. This  equipment s h a l l  be a b l e  t o  t r a n s f e r  
c a l l s  t o  t h e  t e s t  p o s i t i o n ,  
4 . 3  
- Simulator :  -.-. ;-- -. This  s imula tor  s h a l l  t e s t  cel ls  up t o  a 
s i z e  ok 4 "  square  under AM1 cond i t i ons .  Thcre s h a l l  
bc prov i s ions  ta t e s t  c e l l s  a t  n given p r e s c l e ~ t ~ c d  
te inpcra turu .  
S a r t c r :  This  equipment s h a l l  s o r t  c e l l s  a f t e r  t e s t i n g  
-..- 
acco rd ins  t o  vo l t agc  a t  a given c u r r e n t  o u t p u t  l e v e l .  
The c u l l s  s h a l l  b e - l ~ n d e d  i n t o  des igna ted  c a s s u t t e s  
Ear t r a n s f e r  t o  t h e  next process s t a t i o n .  
Mnnuf a c t u r i n g  f l o o r  space f o r  t h e  above equipment: 
L igh t  H O U F A ~  5 '  x 4 '  20 s q -  ft. 
Trs r~spor t . ,  3.0' x 7 '  70 sq,  f t .  
B u f f e r  s to rayc  
S o r t e r ,  Storage 10' x 7 '  70 sq .  ft. 
T o t a l  160 sq .  f t .  
4.6 U t i l i t i e s  f o r  t h e  above equipment .  
5 .  
-- 
THROUGHPUT AND LABOR CONTENT 
- 
Assuming round t h e  c l o c k  ( 3  s h i f t s  p e r  day )  o p e r a t i n g  
.97  o p e r a t i n g  m i n u t e s  per minu te .  
5 .1  O u t p u t  Ra te :  25 ce l l s  p e r  o p e x a t i n g  minu te .  
5 .2  L a b o r  C o n t e n t  : 
--
5 . 2 . 1  E L c c t r o n i c s  component tes ter  
CAT #B3768D: 1 . 0  p e r s o n / s h i f t  
5 .2 .2  E l e c t r o n i c  ma in t enance  
CAT #B3688D: .20 p e r s o n / s h i f t  
5 .2 .3  Ma in tenance  mechanic  II 
CAT #R3736D: .10  p e r s o n / s h i f t  
6 .  - -.- - PROCESS --- SEQUENCE AND PAWlETERS , -.- 
6 .1  Lnnd c e l l s  o n t o  b e l t .  
6 . 2  T r a n s f e r  ce l l s  from b e l t  t o  tes t  s t . 2 t i o n  (vacuum 
f i x t u r e )  f o r  t r a n s f e r  p l u s  vacuum h o l d  down w h i l e  
t o s t i n g .  
T e s t  c e l l s  a t  M i l ,  28OC, f i x e d  c u r r e n t ,  
S o r t  ce l l s  a c c o r d i n g  t o  v o l t a g e  and  l o a d  i n t o  p r e -  
d e s i g n a t e d  c a s s e t t e s .  
Used c o o l i n g  w a t e r .  
8. PRODUCT REQUIREMENTS AND Q.A. 
-- 
8 .1  - I n  .--- L i n e :  Nane 
8 . 2  @ . A .  P r o c e s s  C o n t r o l  T e s t s :  S e t  i l l u m i n a t i o n  l e v e l  
t o  MI1 a y a i n s t y ~ ~ ~  s t a n d a r d  ce l l s  a t  t h e  b e g i n n i n g  
a n d  a t  t h e  m i d p o i n t  o f  e a c h  s h i f t .  Check w a t e r  










#6314-0010 Rev. B 
F e b r u a r y  25,  198-6 
CODE WORD: LEAD 
1. SCOPE 
T h i s  s p e c i f i c a t i o n  d e s c r i b e s  t h e  p r o c e s s  r e q u i r e m e n t  f o r  
a t t a c h m e n t  o f  i n t e r c o n n e c t  l e a d s  t o  i n d i v i d u a l  s o l a r  
ce l l s  a s  n e c e s s a r y  p r i o r  t o  module a s sembly .  
2 .  INPUT MATERIALS 
2  . 1. T e s t e d  S o l a r  C e l l s  (Spec .  t16314- 1017 TCEI~L) 
2 .2  I n t e r c o n n e c t  Ribbon (OFMC a n n e a l e d  c o p p e r ,  0 . 5  m i l s  
s o l d e r  p l a t e ,  f u s e d ,  2  m i l  t h i c k ,  t o t a l  r i b b o n 2 w i d t h  i n  
i n c h e s  = 0.025  Ac where Ac = c e l l  a r e a  i n  i n c h  ) .  
3. INPUT SUPPLIES 
3 . 1  C l e a n i n g  S o l v e n t  ( F r e o n  ( R )  TMC o r  e q u i v a l e n t )  . 
3.2 S o l d e r  F l u x  (Alpha 611 o r  e q u i v a l e n t ) .  
4 .  EQUIPMENT AND FACILITIES 
-- 
4 . 1  Lead S o l d e r i n g  System: --- The equipment  s h a l l  have  t h e  
c a p a b i l i t y  t o  p l a c e  a n d  s o l d e r  I / C  m a t e r i a l  on f r o n t  s i d e  
m e t a l l i z e d  s o l d e r  p a d s  o f  s i l i c o n  s o l a r  ce l l s .  The c u t  
l e n g t h  o f  t h e  I / C  s h a l l  be s t e p l e s s l y  a d j u s t a b l e  o v e r  t h e  
r a n g e  o f  1 /2"  t o  3;. S o l d e r  m e l t i n g  t o o l  t e m p e r a t u r e  s h a l l  
b e  c o n t r o l l e d  + 1 0  @ o v e r  a  r a n g e  o f  1 second  t o  4 s e c o n d s .  
Means s h a l l  be-provided f o r  h o l d  down o f  I / C  d u r i n g  s o l i d -  
i f i c a t i o n .  Equipment s h a l l  have  t h e  c a p a b i l i t y  o f  a p p l y i n g  
a 500 gram p roo f  t es t  l o a d  t o  e a c h  s o l d e r e d  1,'C i n  t h e  
p l a n e  o f  t h c  c e l l  and  t h e  d i r e c t i o n  o f  t h e  I / C .  Equipment 
s h a l l  a u t o m a t i c a l l y  r e j e c t  l e a d e d  c e l l s  f a i l i n g  p roo f  t e s t .  
F l u x  removal  equ ipmen t ;  t o  d i s s o l v e  a n d  remove f l u x  and  
r e s i d u e s  f rom c e l l  and  p a n e l  assembly .  Chamber s h a l l  b e  
c l o s e d  w i t h  d i s t i l l a t i o n  and  v a p o r  c o n d e n s a t i o n  p r o v i s i o n s .  
Hand l ing  s y s t e m  t o  f e e d  ce l l s  t o  s o l d e r i n g  mach ine ry .  
Hand l ing  s y s t e m  t o  move l e a d e d  c e l l s  i n t o  and  o u t  o f  f l u x  
removal  equ ipmen t .  
Type A m a n u f a c t u r i n g  s p a c e  f o r  above equ ipmen t .  
6314-0010 Rev. B 
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4.6 Utilities f o r  above equipment .  
4.7 Heat ing ,  a i r  c o n d i t i o n i n g  and equipment t o  comply w i t h  
s a f e t y  s t a n d a r d s  f o r  above manufac tu r ing  space .  
4 . 8  Wsstc d i s p o s a l  f o r  s o l i d s  ( s o l d e r  s c r a p ,  I / C  s c r a p )  and 
l i q u i d s  ( l o a d e d  s o l v e n t )  . 
5.  TIIROUGHPUT AND LABOR CONTENT 
Assuming round-the-clock ( 3  s h i f t s  p e r  day) o p e r a t i n g  
and .90 o p e r a t i n g  minu tes  p e r  minute .  
5 . 1  Minimum - o u t p u t  r a t e  720 cel ls  w i t h  i n t e r c o n n e c t  l e a d s  
a t t a c h e d  (10em x lOcm) p e r  o p e r a t i n g  hour .  
5 . 2  Labor c o n t e n t :  
5 . 2 . 1  Machine Opera to r :  $ 5 0  pcrsons / sh i f t /mach inc  
(Ca t .  #B3752B) 
6 .  
-
PROCESS SEQUENCE ANP PARAMSTERS 
_Y__ I---
6 .1  T r a n s f e r  c e l l s  from prev ious  p r o c c s s  s t e p  (see 2 . 1  ) . 
6.2 I / C  S o l d e r i n g .  
6 . 2 . 1  Fcod I d c  m a t e r i a l  (see 2 . 3 )  from supp ly  r e e l .  
6.2.2 P o s i t i o n  I/C o v e r  c e l l  s o l d e r i n g  pad and apply  s o l d e r  
m e l t i n g  t o o l .  
6.2.3 Apply hold-down a p p a r a t u s  t o  keep I/C f l a t  w h i l e  s o l d e r  
j o i n t  s o l i d i f i e s .  
6 . 2 . 4  Cut 1/6 t o  l e n g t h '  
6 . 3  T r a n s f e r  e c l l s  t o  f l u x  removal equipment .  
6.4 Immerse o r  s p r a y  c l e a n  c e l l s  and a l l o w  t o  d r y .  
6 . 5  Proof t e s t  and r e t e s t  i f  f a i l u r e .  
6.6 T r a n s f e r  ~ ~ 1 1 s  t o  n e x t  p o s i t i o n .  
7. BY-PRODUCTS 
-_Ip- 
Flux  smoke and fumes a t  s o l d e r i n g  machine ( s )  . 7 . 1  
7.2 Clean ing  s o l v e n t  vapors  from f l u x  removal equipment and 
from c l e a n i n g  s o l d e r  machines.  T o t a l  e s t i m a t e d  amount 
of fumes: 5 c u . f t . J o p e r a t i n y  minute .  
L i q u i d s  ( l s a d c d  s o l v e n t s )  . 
6314-0010 Rev. B 
8 .  
- 
PRODUCT REQUIREMENTS LVB Q . A .  
8 . 1  I n  L i n e  
8 . 1 . 1  V i s u a l  i n s p e c t i o n ,  random f o r  p r a p c r  o p e r a t i o n  o f  s o l d e r -  
i n g  equipment  by compar i son  o f  r e s u l t s  t o  Reflow S o l d e r  
C r i t e r i a  ( 2 %  f r e q u e n c y )  . 
8.1 .2  T e n s i l e  t e s t i n g  s o l d e r e d  1 / C  w i t h  500 gram p r o o f - t e s t  
l o a d  (see 4 . 1 )  (100% f r e q u e n c e ) .  
8 .2  Q . A .  P r o c e s s  C o n t r o l  T e s t s :  Onc t e s t  c e l l  r u n  o n c e  p e r  
s h i f t  (1/2880 f r e q u e n c y )  and sui.1 j e c t e d  t o  f o l l o w i n g  tests : 
V i s u a l  e x a m i n a t i o n ;  ~ e h s i l e  s h e a r  t e s t .  
9 .  NOTES, 
9 . 1  L i q u i d  f l u x  (see 3 . 2 )  may be u s e d  i n  p l a c e  o f  o r  i n  
a d d i t i o n  t o  f l u x - c o r e d  s o l d e r .  
9 .2  Water-base f l u x  may be u s e d  as 'in a l t e r n a t i v e  t o  s o l v e n t  
base, i n  which e v e n t  t h e  f l u x  removal equipment  ( 4 . 2 )  
may bc an  o p e n ,  w a t e r  wash ing  s t a t i o n .  
9 . 3  Wot-ram s o l d e r i n g  equipment  i s  recommended. Meat i s  
s u p p l i e d  t o  t h e  s o l d e r  a r e a  by a non-we t t i ng  b l o c k  con- 
t a i n i n g  a h e a t e r  c a r t r i d g e  and  a the rmocoup le  f o r  t e m -  
p ~ r n t u r e  c o n t r o l .  
9 .4  O p t i c a l  r e c o g n i t i o n  equipment  migh t  be c o n s i d e r e d  f o r  
c o n t i n u o u s  m o n i t o r i n g  o f  s o l d e r  j o i n t  c o n f i g u r a t i o n .  
9 . 5  C e l l  w i l l  h ave  n minimum o f  two l e a d s  on t h e  f r o n t .  I n  
2 .2  t o t a l  r i b b o n  w i d t h  r e f e r s  t o  t h e  sum o f  l e a d s  w i d t h s .  
P r e p a r e d  by : 
Alexande r  ~ a r c i a -  111, E n g i n e e r  
Approved by:  
/Brogram Manager 





February  25, 1980 
CODE WORD: A-STRING 
1. SCOPE 
T h i s  s p e c i f i c a t i o n  d e s c r i b e s  t h e  p r o c e s s  r equ i rement  f o r  
assembly o f  f r o n t  l e a d e d  ce l ls  i n t o  s t r i n g s  by u l t r a s o n i c  
2 .  - INPUT MATERIAL 
2.1  Leaded C e l l s  (Spec.  11631.4-0010 Rev. B ,  LEAD) 
3 .  INPUT SUPPLIES 
--,.- 
3 . 1  Tin/Zinc E u t e c t i c  S o l d e r  
4 .  - EQUIPMENT AND FACILITIES 
- 
The equipment s h a l l  have t h e  c a p a b i l i t y  ;o p l a c e  l e a d e d  
c e l l s  i n  t h c  p r o p e r  o r i e n t a t i o n  and u l t r a s o n i c a l l y  s o l d e r  
t h c  f r o n t  l o a d  o f  one c e l l  t o  t h e  A 1  back o f  a n o t h e r .  
The d i s t a n c e  botwefn c e l l s  once  connec ted  s h a l l  be  h e l d  
t o  1 . 3  mm + 0 . 1  mm. S o l d e r i n g  s h a l l  be done by an u l t r a -  
s o n i c a l  p r c c e s s  which f i r s t  e n t a i l s  t h e  w e t t i n g  o f  t h e  A 1  
back w i t h  a  t i n / z i n c  e u t e c t i c  s o l d e r  fo l lowed  by t h e  
s o l d e r i n g  o f  t h e  l e a d  ( s e c  Spec.  #6314-0010, pa ragraph  
2 .2 )  t o  t h i s  a r c n .  The s e l l  toowhich t h e  s o l d e r i n g  i s  
done must be k e p t  a t  120 C + 10 C f o r  t h e  d u r a t i o n  o f  t h e  
o p e r g t i o n .  The s o l d e r  m e l t 5 9  t o o l  s h a l l  be c o n t r o l l e d  
+ - 10 C o v e r  a  range  o f  0 . 5  - 5 seconds .  Means s h a l l  b e  
p rov ided  t o  h o l d  down t h e  j o i n t  d u r i n g  s o l i d i f i c a t i o n .  
Equipment s h a l l  have t h e  c a p a b i l i t y  o f  a p p l y i n g  a 500 
gram proof t e s t  l o a d  t o  each s o l d e r e d  j o i n t  i n  t h e  p l a n e  
of t h e  c e l l  and t h e  d i r e c t i o n  of t h e  l e a d .  Equipment 
s h o u l d  a u t o m a t i c a l l y  re jec t  s t r i n g s  f a i l i n g  proof  t e s t .  
The equipment s h a l l  be a b l e  t o  i n t e g r a t e  c e l l s  w i t h  
d i f f e r e n t  l e a d  l e n g t h s  i n t o  a  s p e c i f i c  c e l l  p a t t e r n  ( e . g .  
e v e r y  t h i r d  c e l l  w i l l  have  a  1 1 2 "  c m  p o r t i o n  o f  t h e  l e a d  
e x t e n d i n g  p a s t  t h e  s o l d e r  j o i n t  on t h e  back o f  t h e  c e l l ) .  
Handling sys tem t o  f e e d  l o a d e d  c e l l s  t o  s o l d e r i n g  
machinery and t r a n s f e r  s t r i n g s  t o  n e x t  p r o c e s s .  
Type A manufactur ing  s p a c e  f o r  above equipment .  
U t i l i t i e s  f o r  above equipment .  
Hea t ing ,  a i r  c o n d i t i o n i n g  and equipment  t o  comply w i t h  
s a f e t y  s t a n d a r d s  f o r  above manufac tu r ing  space .  
Waste d i s p o s a l  f o r  s o l i d s  ( s o l d e r  s c r a p ,  l e n d  s c r a p ) .  
5. --- TIIROUGIlPUT AND LABOR CONTENT 
Assuming round- the-c lock ( 3  s h i f t s  p e r  day)  o p e r a t i n g  
and 0.90 o p e r a t i n g  minu tes  p e r  minute .  
5 . 1  Minimum o u t p u t  r a t e  6 6 - c e l l  s t r i n g s  c o n t a i n i n g  11 l O c m  
x  l O c m  ce l l s  p e r  o p e r a t i n g  hour ,  o r  7 2 - c e l l  s t r i n g s  
c o n t a i n i n g  1 0  l O c m  d i a m e t e r  round ce l l s .  
5 . 2  Labor c o n t e n t  a s  r e q u i r e d  t o  s u p p o r t  above equipment.  
6. 
------ - 
PROCESS SEQUENCE AND PARAMETERS 
6 . 1  T r a n s f e r  ce l l s  from p r e v i o u s  p r o c e s s  s t e p .  
6 .2  S o l d e r  
6 . 2 . 1  Heat  c e l l  t o  be s o l d e r e d  t o  a  t e m p e r a t u r e  o f  1 2 0 " ~ .  
6 .2 .2  Wet s o l d e r i n g  a r e a  on ce l l  w i t h  t i n / z i n c  e u t e c t i c  v i a  
u l t r a s o n i c s  and h e a t .  
6 . 2 . 3  S o l d e r  f r o n t  l e a d  from o t h e r  c e l l  t o  t h i s  a r e a .  
6 .2 .4  Proof  t e s t  and r e j e c t  i f  f a i l u r e .  
6 . 2 . 5  T r a n s f e r  c c l l / s t r i n g  f o r  n e x t  o p e r a t i o n .  
G .  3 Trans fc l -  s t r i n q  t o  n e x t  p o s i t i o n .  
7.  -- BY-PRODUCTS --- 
7 . 1  S o l i d s  ( s o l d e r  s c r a p ,  l e a d  s c r a p )  . 
8. PRODUCT REQUIREMENTS AND Q . A .  
- *---- --- - 
8 . 1  Xn Lint. 
8 . 1 . 1  V i s u a l  i n s p e c t i o n  ( 2 %  f r e q u e n c y ) .  
8 .1 .2  T e n s i l e  t e s t i n g  w i t h  500 grams p r o o f  t e s t  l o a d  (100% 
f r e q u e n c y )  . 
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F e b r u a r y  25, 1980 
T h i s  s p e c i f i c a t i o n  d e s c r i b e s  t h e  p r o c e s s  r e q u i r e m e n t  
f o r  assembly  o f  s t r i n g s  i n t o  comple t e  c i r c u i t s  u s i n g  
s o l d e r i n g  t e c h n i q u e s .  
2 .  INPUT PDTERIALS 
2 . 1  C e l l  S t r i n g  (Spec .  #6314- 1019 ,  STRING) 
2 .2  I n t e r c o n n e c t  Ribbon ( S e e  Spec .  #6314-0010 2 . 2 )  
Bus Bar  Ribbon (OFHC a n n e a l e d  c o p p e r ,  0 . 5  m i l s  s o l d e r  
p l a t e ,  f u s e d ,  5 m i l  t h i c k ,  0 . 4 - 0 . 8 '  t h i c k .  
3 .  INPUT SUPPLIES 
p-_l_--- 
3 .1  C l e a n i n g  s o l v e n t  (F reon  ( R )  TMC o r  e q u i v a l e n t )  . 
S o l d e r  F l u x  (Alpha 611  o r  e q u i v a l e n t ) .  
4 .  EQUIPMENT AND FACILITIES 
4 . 1  S t r i n g  t r a n s f e r  and p l acemen t .  
The equ ipmen t  s h a l l  have  t h e  c a p a b i l i t y  t o  t r a n s f e r  c e l l  
s t r i n g s  composed o f  11 c e l l s ,  lOcm x  lOcm s q u a r e  o r  l O c m  
d i a m e t e r  round .  The s t r i n g  s h a l l  b e  p l a c e d  t o  form a  
c i r c u i t  o f  11 p a r a l l e l  c e l l s  i n  t h e  s q u a r e  c a s e  o r  1 3  
p a r a l l e l  1 0  c e l l  s t r i n g s  i n  t h e  round  c a s e .  
E l e c t r i c a l  i n t e r c o n n e c t i o n  w i l l  be  made w i t h  t h e  bus  b a r  
r i b b o n  a t  t h e  two e n d s  o f  t h e  c i r c u i t .  The i n t e r c o n n e c t  
r i b b o n  i s  u s e d  a t  mid c i r c u i t  p o i n t s .  Mid c i r c u i t  
o a r a l l e l  may be  a t  any  p o i n t  i n  t h e  c i r c u i t .  A s o l d e r -  
i n g  p r o c e s s  w i l l  b e  u s e d .  
N-con tac t  t e r m i n a t i o n .  P r o v i s i o n s  t o  bend t h e  N-con tac t  
l e a d  t o  t h e  back o f  t h e  c e l l  must  b e  made. A d i e l e c t r i c  
s t r ip  must  t h e n  b e  p l a c e d  b e f o r e  t h e  bus  b a r  i s  b e n t  i n t o  
a  p l a n a r  c o n f i g u r a t i o n .  
- 
F l u x  removal .  The c i r c u i t  mus t  be  c l e a n e d  o f  any excess 
f l u x  and d r i e d .  
C i r c u i t  t r a n s f e r .  The comple t ed  c i r c u i t  mus t  be t r a n s -  
f e r r e d  t o  t h e  n e x t  s t a t i o n .  
4 .6  Type A m a n u f a c t u r i n g  s p a c e  f o r  a b o v e  equ ipmen t .  
4 .7  U t i l i t i e s  f o r  t h e  above  equ ipmen t .  
4 . 8  H e a t i n g ,  a i r  c o n d i t i o n i n g  a n d  equ ipmen t  t o  comply w i t h  
s a f e t y  s t a n d a r d s  f o r  above  m a n u f a c t u r i n g  s p a c e .  
4 .9  Waste  d i s p o s a l  f o r  t h e  above  p r o c e s s .  
5 .  THROUGHPUT AND LABOR CONTENT 
Assuming round - the -c lock  ( 3  s h i f t s  p e r  d a y )  o p e r a t i n g  
a n d  0 .90 o p e r a t i n g  m i n u t e s  p e r  m i n u t e .  
5 . 1  Minimum o u t p u t  r a t e  6  c o m p l e t e  c i r c u i t s  p e r  o p e r a t i n g  
h o u r .  A c i r c u i t  w i l l  c o n s i s t  o f  1 2 1  ce l l s  i n  t h e  
s q u a r e  c a s e  and  130  ce l l s  i n  t h e  round  c a s e .  
5 . 2  Labor  c o n t e n t .  A s  r e q u i r e d  f o r  p r o c e s s .  
6. 
--- 
PROCESS SEQUENCE AND PARAMETERS 
6 . 1  T r a n s f e r  s t r i n g  f rom p r e v i o u s  p r o c e s s  s t e p .  
6 . 2  Feed i n t e r c o n n e c t i n g  and  b u s  b a r  r i b b o n  and  a d j u s t  
l e a d s  f o r  s o l d e r i n g .  
6 . 3  F l u x  and s o l d e r .  
6 . 4  Remove e x c e s s  f l u x  and  d r y .  
6 . 5  P l a c e  d i e l e c t r i c  m a t e r i a l  where  n e e d e d .  
6 . 6  Bend o v e r  i n t e r c o n n e c t  a t  b u s  b a r  r e g i o n  as  n e c e s s a r y .  
6 . 7  T r a n s f e r  c o m p l e t e  c i r c u i t  t o  n e x t  p r o c e s s  s t e p .  
7 . 1  F l u x  smoke and  fumes.  
7 .2  Waste  s o l v e n t  and v a p o r .  
8 .  PRODUCT REQUIREMENTS AND Q.  A .  
8 . 1  c i r c u i t  o u t p u t  a t  5 .25  v o l t s  s h o u l d  b e  3 . 5  + amps 
for  s q u a r e  c e l l s .  F o r  round  c e l l s  c i r c u i t  o u t p u t  a t  




See F i g u r e s  1 and 2 f o r  module c o n c e p t s  i n  t h e  s q u a r e  
and  round  c a s e s .  
P r e p a r e d  by: 
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IAMSNATE CJCKCUIT 
#G314-0021 
-_ * ___Y I I- 
F e b r u a r y  -25, 1 9 8 0  
COB13 WORD : XJWISNATE 
T h i s  s p t \ c - i f ' i ~ - a t i m  d c s c r i b c s  t h e  p r s c c s s  rcc]uirpmc\nt  
f o r  t 11~\ 1,imindt i o n  of ci l;-cui t s  i n t a  oncay~sulntc lc l  
lllC?~i\ll . 
2 . 1  6'1 r e u i t  s (Klwc*. #tr314- 0 0 2 0 ,  CIRCUIT) 
2 . 3  C1~-,iilc-~;l,i:; 2 5 0 ,  5 mi l t h i c k ,  1. 2m wide. 
2.4  0 .  !\ rni 1 11.1 fcji l ,'[I. !i m i l  w h i t p  p i g m e n t e d  p o l y o s t c t r  
l,in~in,iCt\ti f i l m  1.2m wid<\ .  
2 . 5 1 l a  , .I 1 0 "  t h i c k ,  1. 2m x 1. 2m squarc.  
4 . 1  -,.--.ssA- --T. L ~ L I  .-& i Thtl  c q u i p m c n t  s h a l l  have tllc 
uapctbi 1 k t  y t o  cleLln and d r y  n l m  s l m  p i e c e  of 3/16'' 
tcampt~~-t~tl  q Z s s s  Lir~c3 t1lc.n a p p l y  n t h i n  l a y e r  of s i lnncl .  
1)x.i rnc.1. i  n \in ~ 1 r q ~ 3 n i  c- v ~ ~ l l i . c l  t 
4 . 2  ('lit . t i . 11~1 tvlui . .  )m~.nt . Tl~c. t?quipmt>nt. s h a l l  bc nbXP t o  cut. 
1 . 2 ~ 1  s I .  ;lm 1)lt)ctl o f  EVA f r o m  a r o l l  of  material a n d  t h e n  
cqut smnl l t ipPn inqs  as r -~ r l u i r cd  f o r  t . l e c t r i c n 1  c o n n c c t i a n  
,~s-t.,is ccf t hti ui rcvu i i .  T l l c  ucluipment s h a l l  bo nblr )  t o  
handle w h i t  t5 EVA, c- l t>nr EVA, C r a n e - G l a s ,  a n d  m c t a l  f o i l .  
T r a n s  ---. Et>i -  - .- - c ~ a ~ l i p m c n t .  .-.I, -.-- -- Thc e q u i p m e n t  s h a l l  h a n d l e  tllc 
t r - , t n s f t ~ r .  01 c u t  ~ ~ \ , t . t t ~ r i n l s  as  w s l l .  a s  t h c  c i r c ~ l i t  t o  a n  
asscmbl y p r a c t 3 s s .  
Asscmhly e t ~ u i . p m c i l t .  Tht. e q u i p m e n t  s h a l l  bti a b l e  t o  
-",*..---* -- ---- *---,"---.A 
asscnb l tx  t h t \  y,it\~-es i n t o  s Lnyup assembly. A t y p i c a l  
l a y u p  p n t t c r n  wkculd bu g l a s s ,  Crnnt3-Glds, EVA cle;ir, 
circuit, Cr,Linc>-c;lss, EVA whi t ,u ,  Crane-GLas ,  and A 1  f o i l  
1 am i 11 a t  t5 . 
T r a n s f e r  e 2 i p m e n t .  To t r a n s f e r  t h e  a s sembled  l a y u p  
--_I_ 
t o  t h e  l a m i n a t o r .  
Lamina to r .  - The equipment  s h a l l  b e  c a p a b l e  o f  h e a t i n g  
t h e  assembly  w i t h i n  a d o u b l e  vacuum chambcr which  con- 
s ists o f  two vacuum chambers w i t h  a  v l s x i b l o  d i aph ram 
be twecn .  Both chambers  s h o u l d  have  i n d i v i d u a l  vacuum 
c o n t r o l s .  Tho assembly  l a y u p  wguld b e  p l a c e d  i n  t h o  
lower  chambcr and  h e a t e d  t o  150 C w i t h i n  30 m i n u t e s  
w h i l e  u n d e r  vacwJm. 
4 .7  F i n a l  t r a n s f e r .  +--.- The equipment  s h a l l  t a k e  t h e  module 
and  t r a n s f e r  it t o  t h e  n e x t  p r o c e s s  s t e p .  
5 .  - THKOUGIIPUT AND - LABOR CONTENT 
as sum in^^ round- the -c lock  ( 3  s h i f t s  p e r  day )  o p e r a t i n g  
and 0 . 9 0  o p a r a t i n g  m i n u t e s  p e r  m i n u t e .  
5 . 1  Minimum -_____ o u t p u t  * ra te .  12  modules p e r  o p e r a t i n g  h o u r .  
5 . 2  Labor c o n t e n t .  A s  r e q u i r e d .  
6 .  PROCESS SEQUE'NCE ---*- - A I D  PARAMETERS -- m=z 
---- 
6 . 1  T r a n s f e r  C i r c u i t *  
6 .2  Clean  a n d  pr ime g l a s s .  
6 . 3  Cut  m a t p r i a l s .  
6 .5  T r a n s f e r  l a y u p .  
6 .6  Lamina te  l a  8 up;  h e a t  t o  105OC, remove t o p  vacuum, 
h e a t  t o  150 C ,  c o o l .  
6 .7  T r a n s f e r  module.  
7. 
-. BY-PRODUCTS 
7 . 1  Vacuum pump o i l .  
7 .2  S o l i d  s c r a p  EVA, Crane-Glas .  
7 . 3  S o l v e n t  fumes from p r i m i n g  o p e r a t i o n .  
7 . 4  Water  and MEK f rom c l e a n i n g  o p e r a t i o n .  
8 .  PRODUCT REQUIREMENT AND Q. A. 




P r e p a r e d  by : 
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F e b r u a r y  25, 1980  
CODE WORD: FRAME . 
1. SCOPE 
T h i s  s p e c i f i c a t i o n  d e s c r i b e s  t h e  p r o c e s s  r e q u i r e m e n t  
f o r  t h e  f r aming  and  t e r m i n a t i o n  c o n n e c t i o n  o f  t h e  
module. 
2. INPUT MATERIALS 
2 . 1  Module (Spec .  #6314-0021, SUPERST) 
2.2  A 1  e x t e n s i o n  f o r  f rame.  
2 . 3  J-Box w i t h  c o n n e c t o r s .  
2.4 Misc. ha rdware .  
2 .5  Waterproof  s e a l a n t .  
2 .6  Rubber g a s k e t .  
3 .  INPUT SUPPLIES 
3 . 1  S o l d e r  
3 .2  S o l d e r  f l u x  
3 . 3  C l e a n i n g  s o l v e n t  
4 .  EQUIPMENT AND FACILITIES 
4 . 1  - Frame C u t t e r .  T h i s  equipment  s h a l l  t a k e  A 1  e x t r u s i o n s  
and c u t  them t o  t h e  d e s i r e d  l e n g t h  f o r  f r a m i n g  and  
t r a n s f e r  them t o  c o r r e c t  p o s i t i o n  i n  p r o c e s s i n g  l i n e .  
4.2 J-Box t o  Frame. T h i s  equipment  w i l l  c o n n e c t  t h e  J-Box 
t o  t h e  c o r r e c t  p l a c e  i n  t h e  f rame and  p e r f o r m  n e c e s s a r y  
t r a n s f e r s .  
4 . 3  Framing.  T h i s  equipment  s h a l l  l o a d  module and  p l a c e  
any g a s k e t s  n e c e s s a r y  on  t h e  e d g e s .  The f rame p a r t s  
w i l l  t h e n  be  a t t a c h e d  t o  t h e  module and  f a s t e n e d .  
T e r m i n a t i o n  e l e c t r i c a l  i n t e r c o n n e c t i o n .  T h i s  equipment  
w i l l  s o l d e r  t h e  J-Box l e a d s  t o  t h e  module a n d  c l e a n  any 
e x c e s s  f l u x .  
J-Box s e a l ~ d .  T h i s  equ ipmen t  w i l l  s e a l  t h e  J-Box 
~.-- 
t o p  and  b r t t o m  f o r  a w a t e r - t i g h t  s e a l .  
4 . 6  -- F i n a l  t r a n s f e r .  T h i s  equ ipmen t  w i l l  move comple t ed  
module t o  n e x t  p r o c e s s i n g  s t e p .  
5 .  
- - ,-- 
THROUGHPUT AND LABOR CONTENT 
Assuming round- the -c lock  ( 3  s h i f t s  p e r  d a y )  o p e r a t i n g  
and 0.90 o p e r a t i n g  m i n u t e s  p e r  m i n u t e .  
Minimum o u t p u t  r a t e  12 c o m p l e t e  f r a m i n g  o p e r a t i o n s  p e r  
o p e r a t i n g  h o u r .  Framed module w i l l  b e  a p p r o x i m a t e l y  
1.2m x  1.2m s i z e .  
6 .  PROCESS SEQUENCZ AND PARAMETERS 
--..----- 
6 . 1  C u t  e x t r u s i o n  t o  p r o p e r  s i z e  
6 . 2  A t t a c h  J-Box. 
b .  3 T r a n s f e r  module t o  f r ame .  
C) . 4 A p ~ l y  g a s k e t  t o  module .  
6 . 5  Apply f rame t o  module a i d  f a s t e n .  
6 .  G S o l d e r  t e r m i n a t i o n  t o  J-Box and c l e a n .  
6 . 7  S e a l  J-Box. 
6 . 8  T r a n s f e r  module.  
7 .  BY-PRODUCT 
-.---- .-. .---- 
7 . 1  A 1  f rom c u t t i n g  o p e r a t i o n .  
7 . 2  S o l i d  s c r a p s  A l ,  g a s k e t  
7 .3  Loaded s o l v e n t  f rom f l u x  c l e a n i n g .  
8 .  - PRODUCT REQUIREMENTS AND Q . A .  
A s  r e q u i r e d  
9 .  NOTES 
P r e p a r e d  by : 
, . 
Alexande r  G a r c i a ,  111, E n g i n e e r  






F e b r u a r y  25 ,  1980 
CODE WORD: F-TEST 
1. SCOPE 
T h i s  s p e c i f i c a t i o n  d e s c r i b e s  t h e  p r o c e s s  r e q u i r e d  f o r  
t h e  f i n a l  t e s t i n g  o f  t h e  modules  f o r  power o u t p u t .  
2. INPUT MATERIAL 
2 . 1  Framed module (Spec .  #6314-0022 PANEL 1) 
3. INPUT SUPPLIES 
--~---.- 
None r e q u i r e d .  
4 .  
- EQUIPMENT AND FACILITIES 
T r a n s f e r .  The equipment  s h a l l  b e  a b l e  t o  t r a n s f e r  
- 
modules t o  t e s t  p o s i t i o n  and  t h e n  a f t e r  t e s t  t r a n s f e r  
medulcs  t o  end of l i n e .  
S o l a r  S i m u l a t o r .  The equipment  s h a l l  b e  a b l e  t o  t e s t  
t h e  1.2m x 1.2m module a t  AM1. 
4 . 3  Type A m a n u f a c t u r i n g  s p a c e  f o r  above  equipment .  
4 . 4  U t i l i t i e s  f o r  above  equipment .  
4 . 5  H e a t i n g ,  a i r  c o n d i t i o n i n g  and  equipment  t o  comply w i t h  
s a f e t y  s t a n d a r d s  f o r  above  m a n u f a c t u r i n g  s p a c e .  
5 .  
- 
THROUGIIPUT AND LABOR CONTENT 
Assuming round- the -c lock  ( 3  s h i f t s  p e r  day )  o p e r a t i o n  
and  0.90 o p e r a t i n g  m i n u t e s  p e r  mini l te .  
5 . 1  Minimum o u t p u t  i s  4 0  modules  p e r  o p e r a t i n g  h o u r .  
5 .2  Labor  c o n t e n t  a s  r e q u i r e d  f o r  p r o c e s s .  
6 .  PROCESS SEQUENCE AND PARAMETERS 
6 . 1  T r a n s f e r  module t o  t e s t  p o s i t i o n .  
6 . 2  T e s t ,  
.6 . 3 F i n a l  t r a n s f e r  t o  e n d  o f  l i n e .  
7. BY-PRODUCTS 
None 
8. PRODUCT mQUIREMENT AND Q . A. 
A s  r e q u i r e d .  
9 .  NOTES 
Prepared  by: 
V 
Alexander G a r c i a ,  111, Engineer  
Approved by:  h 
/ Program ~ a n a g k  
SPECTROLAB, INC.  
MATERIALS SPECIFICATIOJ 
ALUMINUM PRINTING PASTE 
i/ 6314-2001 Rev. A 
" - J u n c - t Z ,  197.9- 
1. - SCOPE 
T h i s  s p e c i f i c a t i o n  d e s c r i b e s  t h e  composi t ion and m a t e r i a l s  used  t o  
p r e p a r e  aluminum p r i n t i n g  p a s t e .  
7 &. INPUT MATERIALS 
--, 
2 . 1  Aluminum powder (Ca t .  # 1 
" 3 
.* . b Alpha T e r p i n o l  (Ca t .  ) 
2.3 Buty l  C a r b i t o i  A c e t a t e  (Cat .  flE11280) 
2.4 E t h y l  C e l l u l o s e  (Cat .  1 
2.5  Thix a t ro l  S t  ( C a t  . # 1 
3. COMPOSITION- 
3 .1  Veh ic le  
3 .1 .1  44.32 Alpha T e r p i n o l  
3 .1 .2  44.32 Buty l  C a r b i t o l  A c e t a t e  
3 . 1 . 3  9 .92  E thy l  C e l l u l o s e  
3.1.4 1 .5% T h i x a t r o l  ST 
3 .2  Aluminum P a s t e  
3 .2 .1  68% Aluminum Powder 
3 . 2 . 3  ? 37; Butyl  C a r b i t o l  A c e t a t e  
k .  NOTES 
I n  p r e p a r i n g  aluminum p a s t a  t h e  v i s c o s i t y  can be a l t e r e d  by i n c r e a s i n g  
o r  r educ ing  t h e  amount o f  B u t y l  C a r b i t o l  A c e t a t e  i n  t h e  f i n a l  p a s t e  
composi t ion t o  a c h i e v e  60-80 kcps .  
5. 
- IlATERIAL SUPPLIERS 
Cat, B 
Cat .  # 
- Aluminum 
Atomized aluminum powder (AMPAL 631) 
Supp l ied  by:  Atomi-rd Meta l  Powders, I n c .  
P.O. Box 31  
Flemington,  N J  08822 
- Alpha T e r p i n o l  
Supp l ied  by:  Matheson Coleman & B e l l  
Nanuf a c t u r i n g  Chemists  
Norwood, Ohio 45212 
Cat .  #El1280 - Buty l  C a r b i t o l  A c e t a t e  
Supp l ied  by: Matheson Coleman & B e l l  
Elanufactur ing Chemists  
Norwood, Ohio 45212 
Ca t .  /I 
Cat .  il 
- E t h y l  C e l l u l o s e  
E t h y l  Cell.ulo"se (N-14) 
Supp l ied  by: H e r c u l e s  I n c .  
Wilmington, Delaware 
- T h i x a t r o l  ST 
Supp l ied  by: NL I n d u s t r i e s  
I n d u s t r i a l  Chemical D i v i s i o n  
Hightstown, N J  08520 
Prepared  by: 





SILVER PRINTING PASTE # 6314-2002 June 22, 1979 
a. SCOPE 
This specification describes the composition and materials 
used to prepare modified silver printing paste. 
2. INPUT MATERIALS I 2.1 Commercial silver paste 
2.2 Emitter diffusion saurce 
3. COMPOSITION 
3.1 Silver paste 
3.1.1 98% comr~ercial silver paste 
3.1.2 2% emitter diffusion source 
4. MATERIAL SUPPLIERS 
P.2.1 - Csmiezcial silver paste 
Conductrox 3347 Ag 
Supplied by: Thick Film Systems, Inc. 
324 Palm Avenue 
Santa Barbara, Ca. 93101 
P.2.2 - Emitter diffusion source 
N-Diffusol 




FORMAT A ' s  FOR SAMICS CALCULATIONS 
SOL/ R C\R:IAY h1ANUFACTURING INDUSTRY COSTING STANDARDS 
FOFIIt'IAP A . 
i 
- -  
-".= 
.- , 
- PfjOCESS DESCRIPTION 
t 
J i  T 1 - 1  I r~ t 10% r A t t n n A r o n Y  
r,' 1 t e  :. 1" t t  1 ,  r' 7 ~ t b v v n l ~ ~ y  Note: Names glven In brackets [ 1 
a I>,& r ' n , ,  , [>t / P ~ , ~ , U ,  C.II~ 91 *roj are the namcs of proceu anrlbutes 
r e q u ~ t e d  by t h e  SAMICS Ill 
computer Program. 
r r  I ; I ! r l ~ i t ]  SUWPREP - - --- --- 
. .  
~ ~ d t > ! t ~ i i i v  r.@c!t:,b]-- P o l i s h  ~. -E t c h  -.----- Wafer --- --+- -  - - 
PWAFER A3 [Prrltluct fh f u r c n t l -  - - -  
A4 [J:: r l l  t1.c f:drlltt [Product Narr e l  - Et.?ed--W_"_fer - -- . _ --- ----------- -- -- 
- - <  -- - - 
W , i f  c r  
b't5 Llnit 01 Blcu,urc /Product Units) -. --- - - 
PART 2 -- PROCESS (:tiARACTEF?ISTICS 
25 6 [Output f4a::l (Not Th ru~u t )  - _ -* ----- Units (given on line A5) Per Operating Minute 
E17 Avcragc TI~I~ at Station 45 . - . - -  Calendar Minutes (Used only to compute 
[Prwmsiny . ' e l  9 0  in-process inventory) 
A8 Machine "Up" Time Fraction - . Operating Minutes Per Minute 
[Usage Fraction] 
PART 3 - EQUIPMENT COST FACTORS [Machine Descr~pt~on] 
A9 Component [Referent] L o a d e r  T e s t  W 
------ - 
E t c h  S t a t  - 
A9a Component [Descr~ptive Name] (Optional) W a f e r  - T h i c k n e s s  HCL And  
T r a n s  p D i m e n s  NAOH C l e a n i n g  - 
--- - 
-- R e s i s t  T a n k s  .- 
A10 Base Year For Equipment ?ricer [Price Year] - 1 9 8 0  _-- 1 9 8 0  1 9 8 0  - 
A1 1 Purchase Price (S Per Component) [Purchae Cost] 6000 - 20000 225 000 
A12 Anticipated Useful Life (Years) (Useful Life] 7 7 4 
A13 [Sslvage Value] (S Per Component) 300 200 Loo -- 
500 A14 [Removal and lnrtallation Cost] ($/Component) - -- 500 500 - 
Note: The SAMlCS Ill computer program also promp:s for the [payment float interval], the [inflation rate table], the 
[equipment tax depreciation method], and the [equiprncnt book depreciation method]. In  the LSA SAMICS context,. 
UK 0.0, (1975,4.0), DDB, and SL. 
J P L  3037-S R7/78 
Format A: Proccsr Dc~riplr 'on (Continued) 
S u r f p r e p  A15 Pro(rrr R~fcrcnt (Frorr) f'abc I Lirlc A l )  ----7 
PkRT 4 - DIRECT REOUIRC~,~ENTS PER MACHINE (Faciliticr) OR PER hlACHIIJc St{IFT (Perronncl) 
[Feci!:licr and Pcrsonncl Rcqwi~ cmentsl 
A1 6 A18 ' A19 A17 
Cat~log Number Amount Requlred 
IEx~cnsc llem Per Machine (Per Shift) Units . . 
Referent] [Amount per Machine] 
B3096D 
- - .- 
0 . 5  P e r s o n / S h i f t  _- Semicond .  Assembler 
B3704D 
--- 
. 10  person/- E l e c t r .  T e c h n i c a n  
B3736D - 
.--- 
. 20  P e r s o d s h i f t  Mainst .  Mech. 
B3720D . . 
- 
. 2 5  P e r s o n / S h i f t  S y s t e m s  I n s ~ .  O C 
A2064D 180  -- Sq.  F t .  Mgt. S p a c e  A 
_ I _ _ _ _ 1  - 
_ -  
- I _  
p- - 
---- 
PART 5 - DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
iSyproduct Outputs] and [Ut i l i t ies and Commodities ~ e ~ u i r r m e n t s ]  
A20 A 2 2  A23 A 2 1 
Catalog Number Amount Required 
(Expense Item Per Machine Per Minute 
Referent] [Amount per Cycle] 
Units Requirement Description 
Sodium H v d r d x i d e  
P?- 
Domes t i c  Water 
20% H y d r o c h l o r i c  A c i d  
N 2  GAS 
~ l e c t r i c i t v  
T e f l o n  C a r r i e r  Each 
Wafers /min 
Gal /min 
Gal /min  
~ a l / m i n  
Wa te r  HEW 9 m i l .  - 
P o l u t e d  water 
PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED [Required Products] 
[Product Usable Output Per 
Refere:~ce] Unit of Input Produ~Z Prduc t  Name Units 
BWAFER 1 . 0  wafe r /waf  er B l a n k  w a f e r  
t 
I 
E. A e r n i  Date 03/03/80 Prepared by 
D a t a  Backup on  Fo rma t  A S u r f p r e p  o r i g i n a l  i s s u e .  
ORIGINAL PAGE IS 
OF POOR QUALITY 
REVERSE S I D E  JPL 3037-5 R7f7B 
I n SOLAR A R R A Y  M A N U F A C T U R I N G  1NL)USTRY COSTING STANDARDS 
FORMAT A 
I 8 . 8 1  .war I * , ,  tr r a1 1 ,  h.ol*rt 
r *  011 l . .aar F r  F P, , l r w  Ceit' O I I E l  
- PROCESS DESCRIPTION 
Nntc Names glven In trraukrt~ [ ] are tlrc nanicr of prows ~ l l f ~ b u t e s  
requtr~sd by the SAMlS computcr program 
a 
PAHT 1 - PHODUCT DESCRIPTION I 
I A 4  [ ~ S C ~ I ~ ~ I V C  N, nrc [Prljdi~ct Name] 1dnfc.r t ~ i  tl1 1)i f f . Sourcc 
- 
. PROCLSS CHAHACTLHISTICS 
O . mi 11 . A 7 [Inprocrrr lnvcrrtory T l r n ~ l  
, 0 5 
A 5  [Duty Cyclol 
. . C~lctiddr MIIILII~S (IJsed only to computo 
In proerrs ~nvcntary) 
Opcrat~tig Mlnutcs Pcr hllnutc 
A 8b [Personnel lnlcgcrlrat~orl Ovcrrlde Swttch] (1 n ., (Off or On) I 
PART 3 EQUIPMENT COST FACTORS (Machtlic Oo~r tp t~un l  -1 
A 10 Rose Year For Cqu~pn~unt Prtrcr [Prtca Yeor] 1 '1 80 .,- 
A [Purchase Cort Vs Quanttty Rou~ht  Teblcl (Number Of and S Per Conr$wnentl 12,770 -,- 
A 12 Arittctparsd [Useful Llfa] (Years) 7 
A 13 (Salvage. Value1 (S Per Coniponcnr) 
A 14 lRcrnovol And lnrtallrt~on Cost] ($/Comrmncnt) 
N o t ~  The SAMlS computer progrom also prompls for thc [Peyniant Float Interval]. the [ Inf l~t lon.  Rote Table], the 
[Equtpmcnt Tax Dcpfectatlon 4cthod], arid the [Fqutpmant Book Degrzctotton hlethod] . In the LSA SAMICS context, 
use 0 0, (1975 S 0 *), DDB. a1111 SL [The ~ s t a r ~ r k  IS a rtgnal to the compu~or. not J rcf~rence to a 1001note 1 
JPL 3031 S R 6180 
Format A. Prtxnt Dcscr~pt~on (Continued) 
A 16 Prowst Refcrc~it (From Front S~de LIM A-1) IIIFFUSEA 
-+ - ---. - .* -- - 
PAnT 4 - DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Partonnel) 
" 
IFi~clllty Or. Personnel Requ~ramant] 
Rcqu~rcmcnt D o ~ r ~ p t ~ o n  or Nnme 
- - -  . 
.-*- * b- * - 
PART 5 .- DIRECT REQUIREMENTS PER hlACt4lNE PER MINUTE (SAMIS will ask flrrt for Byproducts) 
[Byproduct] and [U t~ l~ ty .  Or Commod~ty Requ~roment] 
Amount flcqulred 
Per M~ch~ne P r M~nute Un~tr Rcqu~rumant Descr~ptlon or Name 
[Amount Per Cycla] 
- - " < - "  - 
PART 6 - INTRA.INDUSTRY PRODUCT(S1 REQUIRED 
Un~ts OuUUnitr lo Un~tr Of A 26'" Product Name 
- *---- 
Etched wafer 
- - < ..-"- 
-- - -- *- -- ---- - . *- . - ---- . " . - .-- " - - -a * &. ---- -- 
'1CO% mtnus porcantagc of rrqu~red product lost In this p r o m  
" h u m e  1DU% y~cld hare. 
"'Exnmplen. ModulerlCell or CellsWafer. 
REVERSE S I D E  J?L 30374 R 6180 
SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS page I ., ofc-.-, 2 
FORMAT A - PROCESS DESCRIPTION -*-- -. .. + / i . l ~ ~ r o ~ s ~  [~efcrent ]  
T F R I I P I  I I I O Y  L A I l O R A T O R V  
.n 1, 0.1 <.rcrr  br I P, rdt.4 C ~ I ~ I  91 rnt DIFFUSEB 1 
Note. N~nlcs glven In brackets [ ] are the namn of process at t r~butn 
requnted by the SAMIS 
i A 2 [Dcscr~pt~vc Name] of Process 
f ART 1 - PRODUCT DESCRIPTION 
A 3 [Product Rcfcrcntl 1)UAPISRR 
A 4  Dcscrlptlvc Name [Product Name] ')'y -. 'Ii - - 
A 5 ~JIIII Of Measure [Ptociuct Un~ts] IJaf c1- - , ' - - 
"-- 
PART 2 - PROCESS CHARACTERISTICS 
1 A.6 [Output R ~ t c l  (Net Thruputl 24  
- + - Units (g1ve11 on l~na A 5) Prr Opcrottnp Mlnutc I 
A.7 [Inproccas Inventory T~mc l  .-- 7 - -_ .- Calerldnr M~nuter (Used only to compute 
-95 In process ~nvcntory) A 3  [Duty Cycle] . -, Opcratlng Mlnutcs Per Mlnutc 
A.8b [Personnel lnteycr~zat~on Ovcrrldc Switch] 011 ." . .. . . , (Off or On1 I 
PA :T 3 - EQUIPMENT COST FACTORS (hlachlne Dcscr~pt~on) 
A.9 Component [Referent] 
A Qr Component [Dcscr~pt~ve. Name] 
2 - - - - - - - -* --- - - -- .-*- 
I)rviug Oven 
- --- --- - -- -- - -.-- - -- -- 
..- - -a* - ---. - -..-----*- 
" --------- - A " . - -  - - A -  -- 
A.10 Basc Year For Equtpmcnt Prlccr [PIGC Ycarl 1980 . - - -  ...- 
[Purchase Cost Vs Q u ~ n t ~ t y  Bought Table] 
A " (Number Of and S Per Component) 5,000 - --- - - - - A -  .-- 
A.12 Antlclpatcd [Usaful Llfa] (Years) 7 -- - ---- -- A - -  - - -  *r- - .  - -+- 
A 13 [Salvage Value] ($ Per Component] 200 
" " " ."- 
A.14 [Removal. And. Installation Cost] (SICornpnentl 1 .-.-.- - .---.." - 
Nota The SAMIS mrnplter program also pronlpts for the [Payment Float IntervaI], the [Inflation Rate Table], the 
[Equ~pment. Tax Deprcc~at~on Method]. and the IEqulpment Book Depreclat~on. Mcthod] In the LSA SP,MlCS cs ,*sxt, 
use 0.0, (1975 6.0 a) .  DDB, and SL (Tho astor~sk IS a slgnal 10 the computer, not r rcfarence to a footnota I 
Format A. Procnc Dcwr~pt~on (Continudl 
DIFFUSEB Process Rcfercnt (From Front S~de L~ne A - t l  - . -- -*-  --- --*,- - .- 
- - 
. - - -- - - -  
.-- - +-- -- 
R MACHINE ( F ~ ~ l t i e r )  OR PER MACHINE PER SHIFT (PsEonnal)' * 
Requ~rcment Descript~on or Name 
w- 
- -*- .."-- 
___-  I--XIPI---- -- - - - - - *  we--+- 
.- _ -. -.-^  -. * - -- - -- -- 
Utl l~ ty  Or Cornrnd~ty Requ~remenf] 
Amount Requ~red 
Pcr Mach~ne Par Mlnute Un~tr  Requlremnt Descrlpt~on or Name 
[Amount Per Cycla] 
* .--- 
- . "  -- - . -- -- ---- 
- . - -  
-- - .em--
- ---- - ". -- - - .-- " - -- "-em- 
+ " "  - - 
. -- _ _ * I - - _ ,..- - - -  
-.--* - .- - - ..- .- --- -- --..--.-- - 
" -------- 
-.,-- - -- -- - - " - -  - - 4  
--. -.- - - - -- -..--- - - --- 
-+- - --- &- - -  
- ----. -  _.- -_-- -If ---- 
[Requ~rad. Product1 
Unrts OutlUnlts In Un~ts Of A.26 '* * Product Name 
wafcr/wafer Riff. Source Wafe 
----- --- 
----- +-- -- .- a-. - --...--- -- - -- -- --- ---- 
*1W% minus wrcrntagc of requlred product lost In this p r o w  
"Auume 1W% ylrld here. 
"*Examples. ModuleslCell or Gellr Wafer. 
REVERSE SIDE JPL 30376 R 6180 
SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS Page 2- of -2- 
-- - FORMAT A -- PROCESS DESCRIPTION -*--*-=.- ~+---.+ - - 
A.1 Procrss [Referentl 
T rmort I SIOY IAnonAronr 
,:VI 0.w 1.1, 16 , 01 7 ,  hmoio#v 
.wl i r  0.4 Gro*#  Or I P.t.dr.r Cdll 91101 I- DIPFUSEC 1 
Note. Names given in brackets I ) are the nalncs of proccu at t r~butn 
requested by the SAMIS computer prngram. 
- - -  
*-+ - 
--- - -- 
Dif fus ion  ( Junc t i on  Format!on) A.2 [Descr~ptlve. Nsmc) of Process ---_ -. ". -- , -- --I--. ----- - 
- - --7 
PART 1 - PRODUCT DESCRIPTION 1 
DWAFER A.3 [Product Referent) . - - L. - -  
I Diffused Wafer A 4  Descr~pt~ve Name [Product N ~ m e )  - -~- . . _ - *_ _ - + - - A  -- . - -  I Waf L?X A.5 U n ~ t  Of Measure [Product Un~ts] -. . I_-  _ _  _ - _  __ _-_ ._ _ +  _ . _ _ A l _  - -- I 
1 A 6  [Output Ratel (Not Thruputl 12.5  -- - - -- Un~ts (grven on llne A 5) Per Operating Minute I 
20 
44.7 [Inprocess Inventory. Tlme) -- - _ - . _ _  - + -,- Calendar M~nutrs (Used only to co~npute 
.95 In process ~nventory) 
A$ [Duty. Cycle) - - - _-- Operat~ng M~nuter Per Mlnute 
A& [Nurnbcr Of. Sh~fts. Per. Day) -. - -3 = - _-_ . , - - - Shtfts I 
On A8b  [Personnel Integcr~zat~on. Overr~de Sw~tch] _*. - + _  _-_-. .. . ,, (Off or On) I 
PART 3 - EOUlPhlENT COST FACTORS (Mach~ne Dcscrlptlon) 1 
A-9 Component [Referent) 
A.98 Component [Descr~pt~ve Name) 
Dif f u r n  
- .--- ----- - 
Be 1 t Furnace 
-------- --+- --- -- 
_ ________ I--P-- -- --- 
-- -- --- - -- 
A.10 Bare Year For Equ~prnent Prlces [Prlca. Year! 19 80 _ - I - _--- -- - 
A.ll [Purchase C a t  Vs Ouant~ty Bought Table] 
(Number Of and S Per Component) _ 58 ,000  -_ - __f_ ..---I___ 
A.12 Antlctpated [Useful. L~ te )  (Yean) 7 _ - _ -  - -.--*. - II----- 
A,13 [Salvage. Valuej (S Per Component) 
A.14 [ R C ~ O V P I  And Inrtallat~on Cost] ($/Component) _-.-&xOOO - -- 
- - ---------. - *+-- - 
% - ---------- +- ------- - . ------- 
Note: The SAMIS computer program also prompts for the [Payment. Float Interval], the [lnflat~on. Rate. Table), the 
[Equipment. Tax. Depreciation. Method], and the [Equ~pment. Book. Deprcc~ation. Method]. I n  the LSA SAMICS context. 
use 0.0, (1975 6.0 *), D m ,  and SL. (The asterisk i s  a slpnal to the computer, not a refcrence to :, footnola.) 
Format A. Proerrs Dercript~on (Continued) Page , ?--of 2 
DIFFUSEC A.16 Proccss Referent (From Front Sldc Line A-1) _ - -- -__ --- 
- - - A - - - + - - - -  +.- . - -  - -.- - - + - - -  
- - - - - -  - a - - - - +  r~iz; - ~ ~ $ ~ C T R E ~ U I R E M E N ? S F E R  k % ~ i l ~ ~ ( F ~ i l ~ t ~ r )  =PER- KCHIN~PER SHIFT (Personnel)
[Facility. Or. Personnel Rcquiramcnt] 
A.16 A.18 A.19 A.17 
Catalog Number Amount Reqlrircd 
(Explnse Item Per Mach~ne (Per Sh~ft)  Un~ts Requ~rement Dercrlptlon or Namo 
Referent) [Amount. Per. Machine] 
B3096D .20 P c r s o r ~ / s h i f  t Semicond. Assembler 
--- 
- -  - -  --.- --- A T  - 
-"ElecTt . - T-ech-!"-z - -- - - ----- 
*. - - -.- __*m -- ---- T-- -- --- ------ - - -+- - 
---- ~ 3 7 % ~  --- --.---- .05 -- Maint . Mech. - - .-" -- - 
-" + - " -  <.-  -+ - -.-- .----- ----- + ---- . + ------ - 
- --- - - - - . - ~ -  -- - - -- ,- -- . .-  *.-.-- ----- - - - ---- 
- --- - - -  -.- - -- -.-+- ----.. --- -- - ---- 
-- - -- --- + - - - - *  - . - 
PART 5 - DIRECT REOUIREMENTS PER MACHINE PER MINUTE (SAMIS will ark first for Byproducts) 
[Byproduct] and [Ut l l~ty.  Or Commod~ty Requ~rernent] 
A 20 A.22 A.23 A 21 
Catalog Number Amount Requ~ted 
(Expense Item Per Mach~ne Per M~nute Un~tc Requlrernent Des~rlptlon or Name 
Referent) [Amount Per. Cycle] 
E1416D - - 3.40 CU.  f k / m & ~ ~ ~  
'ET4-48D - 3  - - - --- I*---- - '--- 
- - , -.- - -  - -- - -  -- - - -  --- SG2-3.. -1 +-2Z^ ;TIT) - +- ! ; a m i n , " . * -  - - -  "- 
k a j l m i n  . E;WLL=-- .- - -- ----- 
. __ _-+-_,-- , ..a+.--_ 2LLW ___ GiiL _luitl,_- I M c o o G n ~ ~ r a t _ e r _  ---- --- 
" - -- - - - --- - ---- .-- - .  - -- --"- 
-- - ---------- - < - -+ "- ---- 
- -- - -- --- ------- -- --- ----- --- - --- --- ---- ---- 
-- - - - " -  - - -  - + -..-- ---- "- ----- -- - *---a- 
- -  - -- -----.---- --- ---- p e + - - ~  - -- - +- 
- -- - ---.- -------A ..* " ----- P ---- ---- + - -  
-- - P -+". -- - . -- - ----- 
r 
PART 6 - INTRA.INDUSTRY PRODUCT(S) REOUIRED 
A 24 A.28 A.26 A.2 7 A.25 
[Requ~rod Product] [Y~eld]  ' [Ideal Rat~o] * *  Of 
(Reference) (%I Unltr Out/Un~ts In Unlu Of A 26"' Product Name 
IIIJAFEIIB 9q.Q 1.0 wafer /wnfcr  Dryed Wafer 
- + - . , - - -  --_ - -- __-^  ---__ +_ --_ 
-7- .- --- -- -- - - -- ----- *_-- 
- -- - -- +-- - --..---+.---- - 
Pf1EPARt O BY OATC 
Nick-Mardcsich 
--- -""--.---- 
----- - ---- 
-.< -- .--...-- 
----- --- - -*- 7/28/80 
--+--- -- .----- 
'100% minrn percentage of required product lost in this process. 
"Assume 100% yield here. 
"'Example5. ModulnICell or Cellr~Wafer. 
REVERSE SIDE JPL JOJI.5 R 8/80 
SOLAR ARRAY MAKUFACTURING INDUSTRY COSTING STANDARDS 
, 
3 
FOF3It:AT A C - 
- - . \ ,  I'IIOCESS DESCHIPi ION 
tdotc: Namu glven In brdcketr [ 
are the names of procxu attributes 
requested by t h e  SAtvlICS Ill 
computer program. 
/%I  1 IOCC:I [nefcrent] BACKCONTA -- 
1%: Ibc.;criptivc Name] P r i n t  - a n d  F i r e  Back S u r f a c e  --- F i e l d  S o u r c e  a n d  C o n t a c t  - 
f'AilT I - PRODUCT DESCRIPTION 
A3 [Product Referent] ' BWAFER 
Back P r i n t e d  Wafer A4 Dorcriptivu Name [Product N a n , e j - - - - - -  -- - -- - 
A5 Unit Of  Meaure (Product Units] Wafer  
PART 2 -PROCESS CHARACTERISTICS 
A6 loutput Rate] (Not Thruput) 2 5  Units (given on line A5) Per Operating Minute 
A7 Average Time at Station 20 Calendar Minutes (Used only to compute 
[Processing Time] . . in-process inventory) 
A8 Machine ''Up'' Time Fraction .90  Operating Minutes Per Minute 
[Usage Fraction] 
PART 3 - EQUIPMENT COST FACTORS [Machine Description] 
A9 Component [Referent] S c r e e n  P r t  F u r n a c e  L o a d  
A9a Component [Descriptive Name] (Optional) P r i n t  I R  B e l t  C a s s e t t e  
Back F u r n a c e  L o a d e r  
Metal1 - 
A10 Base Year For Equipment Prices [Price Year] 1 9 8 0  1 9  80 1 9 8 0  
A1 1 Purchase Price (S Per Component) [Purchae Cost] 1 2 8 , 0 0 0  40 ,000  - ~ - -   6 , 0 0 0  
A12 Anticipated Useful Life (Years) [Useful Life] 7 7 - - 7 
A13 [Salvage Value] (S Per Component) 
2000 2000 A14 [Removal and Installation Cost] ($/Component) - 1700  ' 
Note: The SAMICS Ill computer program also prompts for t h e  [payment float interval], the [inflation rate table], the 
[equipment tax depreciation method], arrd the [equipment book depreciation method]. I n  the LSA SAMICS context.- 
UK 0.0, (1975,4.0), DDB, and SL. 
J P h  3037-s R7I78 
Format A: Procc:~ Dcxription (Continued) 
Back Cont. A15 rl~~rcs: RL~LILI,\ (F ron~  Pi:' 1 Lir~c A l )  - -- -_--, .-- -  
['/,KT 4 - CJIliCCr nf,au1rirr,:rrd7s r ir{ t,?ACtilf:E (FaciIltics) OR PER rrtACHIfr't I'1.R St1IF-T (Personnel) 
(f',.ril*tic.s and Ptrsonncl f i rqui~rrnrntr]  
A1 6 A18 A19 A17 
Catrrloy Number . Amount flt.qirlrcd 
[Cxlr~nsc Itcm Per Machine (Pcr Shift) Units 
Rcfrrcnt] [Amol~nt per Machine] 
Rcquircn~cnt Description 
B3096D 
-- ---- --- -20 .--- Person/Shift _S_emiconducm lLisa--- 
B3704D .LO 
-- 
Person Shift Electronic T w h .  
-B3736D -- Terson f S K f t  Maint. Mech. 
-- - - ---- - ----. ---.- ------ --- -- -- .---- ----- 
PART 5 - DIRECT RE.0UIREMENTS PER MACHINE PER MINUTE 
IByproduct Outputs] and ll l t i l i tres and Commodities Requirements] 
A 2 0  A22  A23 A 2 1  
Catalog Nurntrc>r Anlourlt Required 
[Expense lturri Per Machine Per hlinute Units Requirement Description 
Referent] [Amount per Cycle] 
C1032B 
-* ----- -+ - - - 
.2 0 
- -- -- + - - -. -- . KWEIRlMin  me* 
.oooes . - Ib-sJrnin - .+_--E;uty L&&.~LP E1128D-- _ - -- _-- -- - ---+- 
E1576D _ 
- -  - - - .0QOO5- -- - - - + S_cr.egns_/m_li,e --Screens- , 
E1624D 
* -- -- - 
.00005 Sgueeqee/min 
-~- - - - -  Sxueeqee - 
EP270 -0848 (28.5%) I b s l m i n _ _ _  --_~L^past~--- 
' -Dm F;* -- - - I - .. --. 
5.54--" Cu ft/min 
.--------- --- -- - ---- --- 
Fumes 
PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED [Required Products] 
A24 A26 A27 
[Product Usable Output Per 




- - 1.0 -- Wafer/Wafer Diffused Wafer - --.-- 
I 
, 
prepared by A'rn -A- --- --- Date 03/25/80 
R E V E R S E  S IDE  J P L  3037-S f l 7 / ) 8  
SOLAR ARRAY t4Ah'UFACTURING INDUSTRY COSTING STANDARDS 
, - I, Plt(;f,E:FS DI:L!:i:!PTlON 
1 
I t  I I HOI'I'I.LION LARORATORY 
C I '  1 r m i r  I ~ ~ r r r b f r  o/ T r r A m o l o t y  Note: Ndrnel glven in brackets [ 1 
; ,I 0,) GVC,, D# 1 P u d i r w ,  CAI/ 9 ~ 1 6 3  are the names of proceu attributes 
requwted by the SAMlCS ill 
computer program. 
1 I rtnc:r 1 ftt.itrcntl _ C L N L A C K  -. 
1 ,  [[,~.scriplivi ,dame] - C l e a n  E x c e s s  A1 Back  And Remove F r o n t  I 
* -  ----- ---. --- I 
-.- - . -.-- _ ___I-___ _ I____t -_ *. -- -- -- "--- I - 
fyAf1T 1 - Pf;ODUCT DESCRIPTION 
A3 [Product Referent] ' CBWAFER 
C l e a n e d  W a f e r  A4 Dcscriptivc Name IProduct N a m e ] - -  -, -- --- p---..- - 
A5 Unir Of Mesure [Product Units] W a f e r  --*-. & -- 
PART 2 - PROCESS CHARACTERISTICS 
4 
A6 [Output Rate] (Not Thruput) 1 3 . 3  Units (given on line A5) Per Operating Minute 
A7 Average Time at Station 30 Calendar Minuter (Used only to compute 
[Processing Time1 " ... . 
. 9 0  in-process inventory) 
A8 Machine "Up" Time Fraction Operating Minutes Per Minute 
[Usage Fraction] 
PART 3 - EQUIPMENT COST FACTORS {Machine Description] 
A9 Component [Referent] T a n k s  B r u s h  -- - U n l o a d e r  
A9a Component [Descriptive Name] (Optional) C l e a n .  T a n k s  Vacuum C a s s .  
- 
B r u s h  Load  
U n l o a d  
A10 Base Year For Equipment Prices [Price Year] 1 9  80 - 1 9 8 0  1 9 8 0  
^1_55,000 1 5 0 , 0 0 0  5 , 0 0 0  
A1 1 Purchase Price (S Per Component) [Purchase Cmt] , .- 
A12 Anticipated Useful Life (Years) [Useful Life] 7  7  7  
A13 [Salvage Value] ($ Per Component) 0 1 0 0 0  - 0 
A14 [Hemoval and l ~ t a l l a t i o n  Cost] ($/Component) 1 5 0 0  1 0 0 0  500 ' .- 
Note: Thc SAMlCS Ill computer program also prompts for t h e  [payment f l w t  interval], the [inflation rate table], the 
[equipment tax depreciation nlethcd] , and the [equipment book depreciation method]. In  the LSA SAMICS context,- -.; 
UK 0.0, (1975,4.0), DDB, a n d  SL. 
447 
JPL $37-5 R7/78 1 
Format A: Proccsr Docrlplion (Continued) 
AIB r ,  L : i ( L P 1 i n  A C - l n  Rack . , - 
I T  4 - I)lIiC.CT C I OLl l i i I  f . \LfJTS I1tll MACt(INL ( f  uci1: l irs)  OR PLfI IdACHlliC PER St i l l  T (Pvrronr~cl) 
[ F c c i !  ti( 5 and P~rror\nc l licaclui~ omentr) 
A1 P, A18 ' AT? A57 
Catvloy t:urnbcr Arnount Requlred 
I t  r l ) ~  nsc llem Per hlachinc (Per Shi f t )  Units Flcquiremcnt Dc~crlption 
Refer cnt) [Amount per Machine] 
A206 4D 
-- - -  . 3  _ ~.- 3gSg--Ft, . . .- .Mgf .- Bpace A . ___ ___ 
B3096D -- - - 1 - 0  - _Pgpon(-S_hi ff ..Semir~nd.. A s s e m h l r r -  
' ~ 3 7 0 4 ~ -  1 -._ _ - _  - 1 0  - P c r s o n / S h i f t  __.---- - -- E l e o t r .  -. ---- -_-QZGh . .----- 
- ~ 3 7 3 6 ~ -  ' 
- , ."-- --. 
. L O  - P e r s o n / S h i f t  Masst. Mech ._ , -,- s" 
_ PIC _--_  ___- . - - _ +  ---- - 
- I _ _.- _ _ - -  
____ - I __-_ - & _ _  - --_ -- - - - ^  --- - ---7 
._ _ .__- .-- .+ - - - - -  -- 1- f ----- 
- .  -- - - --- . 
___,Y.l__ I _______  -*_--- r - r  - - - -  - * .  -_P__ 
- --- . - - a _ _ . --- 1 -- f *.. - - 
- - -- - - -  
- -  - 
flAHT 5 - LNRFCT RLOUIREMENTS f'EH MACHINE PCH MINUTE 
(Uyproduct Outputs] and [ l l t i l i t les and Curn~~ lod~ t~e r  Requirements] 
A20 A22 A23 A21 
Catalog Numt,cr Amount Rcquircd 
(Expunsr Item f'er Machine Per hlinute Units Requirement Description 
Referent? [Amount per Cycle] 
C1032B 
- .1 __- _ KWHR/mPn __-_ _ ___.  - E l e % t ~ i ~ i t ~ - . - - -  ,- 
'C1118d~ - - . 30  
---- " .- .-- - 
Cu. f t / m i n  
_ -  _ _fl_.-."_r-- - - .  DI W a t e r  _ _  _---..-_I- 
E1328D 
- 
- - 0  5 .  - -  -&sLmin _-- - -- ~ ~ i d _ ~ - -  
E ~ O ~ G D  
- 
_-_-_-_ _-__ 
. 0  0  3 A -- _ __- -LbsJminn - _ -- ' Acid--- - 
-- - 
. 0 3  Cu. f t / m i n  W u m  H y d r o x i d e  E D -- -- _ .-,. - -- - --- --.----- - --- -- ---- -- --*.-- - - - - --- 
- 0 3 5 3  s416! --_ _ ,<- .-- _- Cu. f N2 Ga& 
D1048D 4 . 4 8  Gal /min D163 2-D ---. . - .  ' I---- -- ------ Water, P o l l u t e d  -- d 
. 0 0 3 7  Gal /min A c i d  waste 
. -- I I _ _ _  _ - __._ _ _  __--I -  -- 4- v-- - - - -  A l k a l i n e  w a s t e  Ga lLmL--  - 
- D 0'0-0*1 D -- _- .+.-- . ..P4L-- .*- - 
.. - _ _ _ ____ - -- -I -- -- - - 
- 
-_ -__-__- - - ..---I - 
- -. - - 
_ _ ___ --_---.- -C_ - - - - - I __ -  - 
---- 
+ _-_- 
_ -I I -_---- ___ --.--- - ---- --f----(-- 
C - .  
PART 5 - INTRA.INDUSTRY PRODUCT(S) REQUIRED [Required Products] 
A24 A2 6 A27 
[Product Usable Output Per 
Reference] Unit of Input Product Units 
A2 5 
Product Name 
BWAFER 1 . 0  Wafer /Wafer  Back P r i n t e d  Wafer 
- * _ _  ----- - -  - -  ___I_ -.- 
- _____ - - -- -- ---. 9 __- - 
E  A e r n i  Prepared by ,-La--- -.. - -.- -------- Data 03/25/80 
ORIGINAL PAGE IS 
aE' PWR QUALIE 
REVERSE S I D E  JPL 3037-5 R7I78 
SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS Page. L,of.?- 
FORMAT A - PROCESS OESCRlPTlON - - * a  -*- - --.- 
( ,id *.o. 1 * 0 , 1 ~  r 01 7, h*olo,t 
+* ln  044 G,OI, DI I r.l.tr.a 9llOl JCLEAN 1 
Note. Names given In brackets I ] are the frames of p r o a u  ~ t t r l b u t ~  
mputer program 
- - 
~ . 2  [Dercr~pt~ve Namc] of Procnr . - * " - -  r S c r i b i n g  --.- -~---- and B r e a k i n k  -----.- 
- -  -- " - -=I 
PART 1 - PRODUCT DESCRIPTION 1 
I A 3 [Product Referent] - . JciWA?E1iM_ - - ,. .-- I A 4  Dear~pt~ve Name [Product Name] !."'1c'i>g ea l ldgfgr  . --- I 
'Wafer A 5 Unlt Of Measure [Product Un~tsl  --, -  --.-- . ----- ---- - --- - ------ 
.- 
PART 2 - PROCESS CHARACTERISTICS 
I A4 [Output Rate] (Not Thruputl . -1 2,fi .- - - Units lg~ven on l~ne A SI Per Operat~ng Mlnute I 
8.0 As7 [Inproass. Inventory. Tlrne] -,, ---- --- - _-,, Calendar Mlnutes (Used only to compute 
-90  In process Inventory) A.8 [Duty. Cycle] , - - - ,- _-- Operating M~nutes Per M~nute 
3 A& [Number. Of. Shifts Per Day1 - - , -  --_ . . . - ..-- Sh~ftr 
1 Aab [Personnel Integn~rat~on. Override S r ~ t c h ]  .-- On -- (Off or On) I 
PART 3 - EQUIPMENT COST FACTORS (Mach~ne Dercrlpt~on) ----I I ( A.9 Component [Referent] Nd-YAG --- CasI,crader_- -- --- - - - -  I 
A.91 Component [Dercr~pt~ve. Name] Cassette 
. S c r i b e  - - " -  ---- --- 
Svstem 
-- Lpnder 
-- Ul~xider-.- -.-- 
I A.10 Bare Year For Equtpmcnt Prlces (Price. Year] - 19 80 -- 1980 --- -. -.---A I 
[Purchase. Cost Vs Ouantlty Bought. Table] 
A'11 (Number Of and S Per Component) 98,000 --- -.- 6,000 - 
I A.12 Ant~clprted [Useful. L~ fe ]  (Years) --- 7 --. -- 7 -.-  -- --- I 
I A.13 [Salvage Value] (S Pcr Component) - 9 * o o o  -- -- --- - 
A.14 [Removal. And. lostallatlon. Cost] ($/Component) --I, 380 
-.--.---... -- ----------------.- 
 ----- em-. -- 
Note. The SAME computer program also prornpb for the [Payment. Float Interval], the [lnflat~on. Rate. Table], the 
[Equipment. Tax Deprec~ation. Method], and the [Equipment. Bwk.  Depreclatton. Method]. I n  the LSA SAMICS context, 
usc 0.0, (1975 6.0 *I ,  PD8, and SL. (The astarlsk IS a ~ lpna l  to the computer, not a reference to a footnote 1 
Format A Procas Dcrcrlption (Continued) 2 Page - -2 QI --- 
A 15 Proccrs Referent (From Front Slde LIW A.11 - -.-- -------- -------- - 
- .  
 PART 4 - D l -R~~T  REQUIHEMENTS PEA MA~HINE I
..- - 
~ . - - -- * - - - -- ..- .I-,= 
_ ___._ . --.- 
[Fnilitier) 0" p i ~  MAC%~NE PER ~ f i ~ ~ - ( P a r r o n n a l ~  1 . ... . [Faclllty Or Persor\nel Requ~rcmantl 
A 16 A 18 A.10 A.17 
Catalog Number Amount Required 
(Expense Item Per Machine (Per Shift) Units Rcqulremunt Dercrlpt~on or Name 
Referent) [Amount Per Machine] 
A:?0641) 250 
f l__ - -a  C - -- 
B30961)_,, . 
-- R 37041) _- - ,- 1 _ 1 _  -- 
- - - -  _ _- _ _-__ 
_ ___ _-____- . ----- - ---. --- --- - 
* - - I -  
- -  - -- . __-_ _._- --- ------ 
* - * -  *- 
-- 
-- , - - - -_  -_ ,  _ _ _  ___I----<* - - r -  - - - -  - -.. - 
_ *_ __ . _  - _- .-- - -  w- 
e _ ---+ _s 
PAAT 5 - DIRECT REOUIREMENTS PER MACHINE PER MINUTE (SAMIS WIII ask f~rst for Byproduc~l 
[Byproduct] and [Ut l l~ty Or Commodity Requlrcmrfrt] 
A 20 A 22 A 23 A.2 1 
Ci i ta l i~ Number Amount Rcqulred 
(Expense Item Per I?l~ch~ne P r M~nute Un~tr Requ~romnt Descr~ptlon or Name 
Hefarentl [ A l n ~ l ~ l t  Pnr Cycle] 
C10'32B ,000 E l e c t r i c i t y  
- -- 
"___I__---- 
c;114hi) - - - 
-. - 
tTL2 m-- - - -- _ - 
EIA2001) - * - -  - 
%ITh3&Q - -- 
a- - .-- 
- - .  -- . - +  
- ___- --- 
--* --- 
- - --- ..--- , 
- -  --- ___ _I-.- - -  -- - --W__ 
__ - . _ -  -* " -__.  __--- --.---- - --- 
. _ _I-LC- 
.-- .--- - . -- *- __I__- 
-____ _ __.  -.--- _1_ 
-- >. --- - _-_____  --_..- +----- --_-_---- 
I* L1.-lll- -- . I - --- .^ ----------. I"- - " -  -+-- - -  -4----- 
, . -_-_ 
__ ____ __ _ _- _._ -- 1+ _- - __f - --1 -- --- -- - -- .------- 
L A R T  6 - INTRA.INDUSTRY PRODUCTIS) REQUIRED I 
A 24 A 28 A 26 A.27 A.26 
[Rec,u~red Product] [Y~r ld ]  ' [Ideal Ratlo] " Of 
(Reference) (%I Un~ts OutJUn~u In Unlts Of A.26'" Product Name 
CBWAFKR 99.9 1 .O WaferlWofcr Cleaned 'Wafer 
__ ._ll_ __--. _*- _ - -- I -- I - _ _ _ I  . ------ 
_-*_- _ ____-_ _- - -. 1 - " - -- + . -.---- - _I... 
- -- - 
_--_ --" 1 __ -_ + _  -__ I _ ___- -- ---- - . -  - -  
PRLPAREI) 0V DATE 
Nick Mnrdcsich 
. ----- - -  - 
7/28/80 
" l ^ ----- -. ------ - --- --I--- 
--- - __I_^_I ._, _-__ --_ .__- *---- 
*loo% mlnul perceritage of requlred product lost In ¶ ~ I S  Proca.  
"Auume 100% yleld here 
"*Exampler ModulnlCell of CellVWlfer. 
REVERSE SIDE JPL 30375 R 5/00 
SOLF-R ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 
- !";OC['rPS t Dkbrt(1PTION 
J I  I l'liC,PVL \ l O Y  B \ ~ l \ O H A T O H Y  
. I ~ I I I I I ~ I ~  r!  I l - ~ e ~ ~ r ~ y  tJote: Name, glven In b ackets [ 1 
G r r l r  D, 1 F u . J r w ,  C ~ ~ I I  5 j  OJ are the namct of proccu snrlbutcs 
requated by t h e  SAMICS Ill 
computer program. 
f :  I I J L  ~criptivc rJamt] P r i n t  a n d  F i r e  Front C o n t a c t  __-  _----_ __ _ -  - _ _ _  __ -_-- -_---- -- -. e -- v . = - /  --F ---- 
. - *.. I -CI- -.-- ----.- - -r- -- -* -, - * -. 
f'AI\T 'I - f'Tt00UCT DESCRIPTION 
FWAFER A3 [Product R ~ f c r e n t 1 ~ -  ,,,-, 
F r o n t  C o n t a c t e d  Wafer  A4 Descri~~tive Kaniu [Product Nan,e]*. + . - . - ...-- -- _ -_ "---_- - .-- ---- --.--- .-*- 
AS Unit Of Mesure IProduct Un~ts]  Wafer ,...,- -- _-_._ ___- l_-__l- - 
PART 2 - PROCESS CHARACTERISTICS 
25 A6 [Output Rate] (Not Thruput) ~ - - ~ _ _ _ _ _ - -  --  Units (given on line 145) Per Operating Minute 
A7 Average Time at Station 20 - - - . -  - Calendar Minutes (Used only to compute 
(Procnring Time) . .. . insprocess inventory) 
. 9 0  A8 Machine "Up" Tiqe Fraction A- - Operating Minutes Per Minute 
[Usage Fraction] 
PART 3 -- EQUIPMENT COST FACTORS [Machine Description] 
A9 Con ;. merit [Referent] P r i n t e r  F u r n a c e  - T e s t  E4. - - 
A9a Component [Darcr~ptive Name] (Optional) U n l o a d  I R  B e l t  P u l l  Test. - 
P r i n t  - F u r n a c e  F a c i l i t y  
- - 
A10 Base Yea: For FqlJp-ent Prices [Price Year] 1 9 8 0  1980  - 1 9 8 0  - -. - 
A1 1 Purdiare Price ($ Per Component) [Purchase Cost] 1 2 8 , 0 0 0  33 ,000  4 0 , 0 0 0  - -- 
A12 Anticipated Useful Life (Years) [Useful Life] 7 7 7 - -- 
A13 [salvage Value] ($ Per Component) 
2000 2000 . 
-- 
500 '  
A14 [Removal and Installation c a t ]  ($/Component) ..- 
Note: T h e  SAMiCS 111 computer program also prompts for t h e  [payment float interval], the [inflation rate tabk], the 
[equipment tax depreciation method], and t h e  [equipment book depreciation method]. In the LSA SAMIS context, 
UK 0.0, (1975, 4.0), CDB, a n d  SL. 
451 JPL 3037-S R 7 / ? 8  
format A: P r c x c : ~  Description (Continued) 
1 5  P r c  ct .15  R~frrcnt  (Fro,:, Pasc 1 Lir,r A11 L ~rontCo&-- 
P/rliT 4 - DlliCCT Rcalr lnrrnEtJTs F , r . r \  h?t,CHlNE (Facilities) OR I'f R hZIAC\iINE fJCH ~ f i l ~ T  (Perror,~~cl) 
[Fdtil i t ic.~ and Pt.rsonncl ~cquilcments) 
ATE! A1 G A19 A17 
Catslog Number . Amount Required 
IExpcnse Item Per Machine (Per Shift) Units 






Sq.  F t .  - M s t .  S p a c e  A 
B3096D 
- ---- ---- 
. 20  P e r s o n / S h i f t  S e m i c o n d u c t o r  A s s .  
- --- - 
B3704D - 1 0  
-*- ---- 
P e r s o n / S h i f t  E l a t .  Md&en,mce 
B3776D . 1.0 M-. 
----A P e r s o n / S h i f t  
B3720D 
-. P 
. 2 5  P e r s o n / S h i f t  I n s p e c t o r ,  Q.C. 
PART 5 - DIRECT REOUlREPrlENTS PER MACHINE PER MINUTE 
IBy&lroduct Outputs]  and [Util i t ies and Commodities Requirements] 
A20 A22 A23 A21 
Catalog Number Amount Required 
[Expense I tem Per Machine Per hlinute Units Requirement Description 
Referent] /Amount per Cycle] 
C1032B . 2 0  KWHR/min E l e c t r i c i t y  
- ~ _  -_ I__I__ 
-E112-8-~-- 
-- 
. 000753  
- -- 
l b s / m i n  B u t y l  Acetate 
- 
E1064D 3 .0  qm/miq S i l v e r  p a s t e  
--  ----- - - -  - 




, 0002  Gal /min .- T o l u e n e  
D1016B - . 19  Cu. f t / m i n  Fumes 
D1138D .0002  Gal /min Used S o l v e n t  
- 
t 
I ----a- .r - . 
' 
PART 6 - INTRA.INDUSTRY PRODUCT(Sj REQUIRED [Required Products] 
A24 A2 6 A27 
!Product Usable Output Per 





1 . 0  Wafer/Wafer J u n c t i o n  C l e a n  Wafer  
-- --- - 
REVERSE SIDE JPL 3037-5 R7nB 
SOLAR ARRAY MANUFACTURING INDUSifRY COSTING STANDARDS Page - 1 2  of - 
FORMAT A - PROCESS DESCRII'TION 
f, , /~l~~~",.  ln,f~lbr, 01 T,< h"010,, 
"WII I I  0,) Gto18 Dr I PajrCm.. C.111 91103 
Note: Names given in brackets [ ] are the names of procesr attributes 
requested by the SAMIS computer program. 
A.2 [Descriptive. Name] of Process - Apply AR Coat t o  Bare  Cell  
PART 1 - PRODUCT DESCRIPTION I 
A-3 [Product. Referent] FCELL 1 A Descriptive Name [Product. Name1 k i n i s h e d  Cell  I 
A.5 Unit Of Measure [Product. Units] -.-%I I 
PART 2 - PROCESS CHARACTERISTICS 1 I A-6 [Output. Rate] (Not Thruput) 3.0 Units (given on line A.5) Per Operating Minute I 
A.7 [ I np row .  Inventory. Time] 12  Calendar Minutes (Used only to compute 
in.process inventory) 
A 5  [Duty. Cycle1 .9 Operating Minutes Per Minute 
I A& [Number. Of. Shifts. Per. Day] 3 Shifts 
A-8b [Personnel. Integerization. Override. Switch] ON - (Off or On) 
PART 3 - EQUIPMENT COST FACTORS (Machine Description) 
A.9 Component [Referent] DESY STEM 
A.9a Component [Descriptive. Name] 
I 
D e p o s i t i o n  
System i 
A-10 Base Year For Equipment Prices [Price. Year1 1980 
[Purchase. Cost. Vs. Quantity. Bought. Table] 1 2 5 ~  A'1 ' (Number Of and $ Per Component) - I 
A.12 Ar~titipatsd [Useful. Life] (Years) 7 I 
A-13 [Salvage. Value] (5 Per Component; 
A-14 [Re~.wval. An*. Installation. Cost] (SjComponont) 5K I 
Note: The SAMIS computer program also prompts for the [Payment. Float. Interval], the [Inflation. Rate. Table], the 
[Equipmjnt. Tax. Depreciation. Methodl, and the [Equipment. Book. Depreciation. Methodl. In the LSA SAMICS context, 
use 0.0, (1975 6.0 -), DDB, and SL. (The asterisk is a signal to the computer, not a reference to a footnote.) 
JPL 3037 5 A 5/80 
Format A: Process Description (Continued) 
A.15 Proau Referent (From Front Side Line A.1) ARCOAT 
--- -----.- 
PART 4 DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Penon~I)  I===='-" 1 
[Fazility. Or. Personnel Requirement] 
A.15 A-18 A-19 
Catalog Number Amount Required 
(Expense ltem Per Machine (Par Shift) Units 
Referent) [Amount. Per. Machine] 
A-1 7 
Requirement Description or Name 
A2064D 80 Mgt S ace  T ,c A 
T 3 0 9 6 ~  20 p e r s o n  s h l  t + d _ l e r  emcon  
B13764D 05 -- - Elec t .  Tech. 
- 05 ~ 3 7 3 6 ~   Maint. Mec" 
BART 5 - DIRECT REQUIREMENTS PER MACHINE PER MINUTE (SAMIS will ask first for Byproducts) 
[Byproduct] and [Utility. Or. Commodity Requirement] 
A.20 A-22 Am23 A-2 1 
Catslog Number Amount Required 
(Expense Item Per Machine Per Minute Units Requirement Description or Name 
Referent) [Amount. Per. Cycle] 
C1032B 0.17 kWhr/min. E l e c t r i c i t y  
- 3.0 - Coolinp. water  
Cl080D 0.018 c u . f t .  min. N2 l i q u i d  
E1416D 0 - 5  cu. t . min. N2 gas 
I PART 6 - INTRA-INDUSTRY PRODUCTIS) REQUIRED 
i A-24 A.28 A026 A.27 [Required. Product] [Yield] [Ideal. Ratio] " Of (Refarenco) (%I Units OutIUnits In Units Of A-26"' A-25 Product Name 
WAFER 99.9  1 .0 c e l l l w a f e r  Front Contacted 
T e l l  
PREPARED BY 
N. Mardesich lDATL7/28/80 
'100% minus percentage of required p-oduct lost in this proms. 
* * h u m  100% yield here. 
*"Examples: Modulcr/Cs(l or CcllsNafer. 
REVERSE SIDE JPL 30374 R 8/00 
I 
SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 
PI3OCESS DESCRIPTION 
J1.T I ' K t P 1 ' L S I O N  L A B O R A T O R Y  
~ a ~ ; / c r t m i ,  I ~ I I I I , I ,  O! T # r b m o / o t y  Mote: Names given In brackets [ ] 
C !  ( 1 0  0.1 Grot# DI. / P u ~ J P M ,  cd~l.  91 103 are the names of proceu attributes 
requerted by t h e  SAMICS Ill 
computer program. 
A1 I8rocc:s [Referent] CELLTEST 
, [[,LsLriplivr Name] T e s t  - C e l l s  A f t e r  P r o c e s s i n g  
I - 
TCELL A3 [Product Referent] -- - 
A4 Descriptive ,\lame [Product Name] T e s t e d  - C e l l  ...- 
A5 Unit Of Mehsure [Product Units) C e l l s  
PART 2 - PROCESS CHARACqiERISTICS I 
A6 !Output Rate] (Not Thruput) 25  Units (given on line A51 Per Operating Minute 
A7 Average Time at Station 2 Calendar Minutes (Used only to compute 
[Processing Time] . ... . 
. 9 5  in-process inventary) A8 Machine "Up" Time Fraction C Operating Minutes Per Minute 
[Usage Fraction] 
PART 3 - EQUIPMENT COST FACTORS IMachine Description] 
S i m u l a t o r  1 A9 Component [Referent] 
A9a Component [Descriptive Name) (Optional) L i g h t  House 
- 
and Vacuum 
- Fi xt~lu?.+Cmlir 
P r o v .  
1 9 8 0  A10 Base Year For Equipment Prices [Price Year] .- --- 
A1 1 Purchase Price ($ Per Component) [Purchase Cost] - 9 1 , 0 0 0  
A12 Anticipated Useful Life (Years) [Useful Life] 7 
A13 [Salvage Value] ($ Per Component) 
5 0 0  ' A14 [Removal and lruallation Cost] ($/Component] - -  - 
Note: The SAMICS Ill computer program also prompts for t h e  [payment float interval], the (inflation rate table]! the 
[equipment tax de?reciation method], a n d  the [equipment book depreciation method]. In  the LSA SAMICS context,- -- 
use 0.0, (1975, 4.0), DDB, a d  St,  
455  JPI. 3037-5 R7/78 
Format A: P r o t c : ~  Description (Continued) 
ce l l  T e s t  A15 T r  1,s  Rcfcr~nt (f:or,i I',s:: 1 Line A1) ,, 
p;,l:~ 4 . Cl" liEQ:J1r{L,,\[.::y~ ) J E [ ~  i,t/iCt{I*JE (Fi:ilitir:) OR I J F R  MACHINE PER SHIFT (Pcrloflnc') 
[I r.cil*ticr and P~rsonr~c I E ~ r l u i ~ c m ~ r i t ~ I  
A18 A1 G A19 A17 
Czt~log h'urnber . Gnlourl~ Rcqulrcd 
IFxl)cnsc liem Pcr Machinc (Pcr Shift) Units Requirement Descrlpt'on 
Relcrent] I ~ m o u n t  pcr h'ldctiinc] 
A2064D 1 6 0  Sq. F t .  
_ __- _---I---.- 
M q t  S p a c e  T y p e  A  - 
-B 3 76 86-'- 1 . 0  Person/Shi.f. E l e c t r o n i c s  Component T e s t e r  
~ 3 6 8 8 ~ -  ---I--- 
.2-0-- -- -- 
" -- - ,- ~ e r s o p h i f t  JXLgctronic M a i n t e n a n c e  
~ 3 7 3 6 ~ ~ - - -  P e r s o n / S h i f t  M a i n t e m P l e c k a n i L _ 1 1  1 .10 
- . -  -- -- ---- -.---- 
PART 5 - DIRECT REQUIREMENTS PER MACHINE PER fvllNUTE 
[Bypreduct Outputs] and [Uti l i t ies and Commodities Requirements] 
A20  A22 A23 
Catalog Number Amount Required 
[Expense Item Per Machine Per Minute Units Requirement Description 
Relercnt] [Amount per Cycle] 
C1122D . 2 6 6 7  Cu. f t / m i n  C o o l i n q  W a t e r  
-- P ---- - -  
D1160D 
I___I-- - 
2 . 0 0  G a u n  --Amd-mnll , . "Lg-= 
K W H R ~ ~ ~  _E1pctrlcltv C1032B 
-- - ----- 
. 1 2 5  > _ _ _  --- 
PART 6 - INTRA-INDUSTRY PRoDUCT(S) REQUIRED [Required Products] .. 
[Product Usable Output Per 
Reference] Unit of Input Product Product Name 
FCELL ce l l  / cel l  F i n i s h e d  C e l l  
----- 





E .  A e r n i  Data 03/25/80 Prepared by 
R E V E R S E  SIDE JPL 3037-5 R 7 1 7 8  
SOLI'R ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 
f- OF,f,',AT A * 
I1 
" ( I  1 ;: : :* 1 CT 
- 3, ,dLj A' ..-.a'. PI:\ . C E S S  DESCRIPTION 
!. 1 I I 'OP\  L L t O H  I . A H O R A T O I I Y  I em: l - # t ' l  1 ,  01  T , l k " o l ' ~ y  Note: Names glven In brackets f I 
.t.r.rr 0.) C w , r  D, / P c r d r u ,  CLIII. 91 103 arefhc names of proccu attributes 
requested by t h e  SAMICS 111 
compu ter program. 
ACIRCUIT /\i I I (  : I f '  r n  - - - -  ---- 
, .. i t  .. L~,;.I;,.L ~ : a m ~ ]  A s s e m b l e  --- C i r c u i t  ( i nc ludes  -- L e a d  - C e l l ,  String - -.- 
A s s e m b l y  and C i r c u i t  A s s e m b l y  P r o c e s s  Spec.) 
. -- _ -+ 4- - -_- __- ----..-I--------- -- 
,. . 
I t . I : . j,,I:l;CT DESCRIPTION 
A s s e m b l e d  S o l a r  C e l l  c i r c u i t  [ J ~ : ~ r i l , t i ~ c  t:ame [Product Nan,e) -+., ----I--- - 
C i r c u i t s  A5 Unit Of lhchsure lProduct Units] -- - 
PART 2 - PROCESS CHARACTERISTICS t?#I(m& FAGE 
0 . 2  pcmR Q U A L ~  
kG [Output Ratel (Not Thruput) -,--. Units (given on line A5) Per Operating Minute 
A7 Avers* Time at Station -- 2 8  Calendar Minutes (Used only to compute 
(Procersing Time] . - .-. . in-procerr inventory) * 
- 9 0  
A8 Machine "Up" Time Fraction Operating Minutes Per Minute 
(Usage Fractian] 
PART 3 - EQUIPMENT COST FACTORS [Machine ~ e s c r i ~ t i o n ]  
A9 Component [Referent] CIRFAB FLUX 
A9a Component IDescriptive Name] (Optional) C i r c u i t  F l u x  
f ab r i ca to r  R e m o v a l  
A10 Bare Year For Equipment Prices [Price Year] , 1 9 8 0  1 9 8 0  
A1 1 Purchase Price ($ Per Component) [Purchae Cost] 3 5 6 , 0 0 0  1 5 , 0 0 0  
A72 Anticipated Useful Life (Years) [Useful L i fe]  7 7 -- 
A 13 [Salvage Value] ($ Per Component) 0  1 , 5 0 0  
1 0 , 0 0 0  
- - 
5 0 0  - 
A14 (Removal and Installation Cost] ($/Component) 
Note: T h e  SAMICS I l l  computer program also prompts for t h e  [payment float intewal]. t h e  [inflation rate ~ b l e l ,  the 
[equipment tax depreciation method], and  t h e  Iquipment book depreciation method]. In the LSA SAMICS context,- A 
UK 0.0, (1975, 4.0), DDB, and S L  
457 
'". rn-- r n-,,-,Q 
ro~mst  A: f , rocc! r  Dc%cription (Coritinued) 
1 Y r r ; ~ : :  J ~ L ! L I L I ; \  (f10.1, I C;C 1 1 inr / \ I ) ,  A - C f ~ ~ u i t  . -  ----- 
4 I t i i - , L  C T  I;[ ( I ' J I R r  I,!! II?!, Ill I\ f,:/iCl{IlJE (Faeilili~s) OR PCH ItlACtiIIJC I 'Lf I  SIi I f  1 (rcrrorlr~cl) 
[T,.,;"fi~s snd f"rsor~:,r ~cr;c:ir~nitnts] 
A18 :\I6 A19 /a 17 
Cz:dlci; f:urnbcr . / ,nc,ant flrqulrcd 
[ I  ) ; l ~ ~ l a . c  ltcrn Per h~cl l inr  (Per Shift) Units 
Rt l r d r  cnt] [/+11i ~ u n t  pcr Machine) 
I 'Af IT  b - DIRE CT flE QUIfiF r4Ll ITS PER IdACHINE PCH MINUTE 
(f3yj)roduct Outputs] n - ~ d  [ l l t i l i t res and Cornrnodrtics Requirc~ncnrs] 
A10 A 2 2  A23 
Caralog h'urnL~cr A~r~o :~ r \ t  Required 
[Fkpcnsc Item Per I lachiric Per Minute Units 
fIcfc,cnt] [ A r ~ ~ o u n t  p c r  Cycle] 
Requircrncnt Description 
C 1 0 3 2 B  . n 
- .  . 0  . - - _-- - K c H R l a i ~  --.- ._ E L e c . L r ~ c l t y - ~  , -  .---.-+---
EG54D 
- - 
4.00-  P l a t e d  _-Cu _Ri_bbpn- __ 
- . 36+ - + -  - ---- f t / m i n  .-_ _ -_ - -_ 
EBR5D - 
- -- - - . - ? - - -4 B u s  - Ba_r-Ribh% . - +  _--- 
EG2D 2 .  j.3 
+- --- -- - -- - -.-- - -- cc/min - - - -- -Lux -- - -. - -  - ---- 
ES005D -I- -- a ~- "--. . 1 0  bbZ-+ - - - --- ccl ' rni~ , -+Tin zinc-cutec~---, 
. E O ~ % ~ D  'Dl o'16B -- - -- I -- ----I-2- 4-  l b s l m i n  -- -- -Tk!&&~-e~!ll - -- --- 
- * -  +- 
C u .  ft7min 
--- - 
F u m e s  
--- ------ -- - ------- 
. 0 0 0 2 5  2  8B A .- -_ - -.- - _ _ --- - G a l l . ! n L  Ysed_sml~~[>=.k --.--.-- 
PART 6 - INTRA.INDUSTRY PRODUCT(S) REQUIRED [Required Prductr l  
A24 A26 A27 
[Prrduct Usable Output Per 




--*- ---.--.--- - 
0 . 8 1 5 1 5  C K T S / C e l l  C e l l  Test 
. ___ ____- - _  ----- .-.-  - - - - l _ l  .- 
I 
E A e r n i  0 3 / 2 5 / 8 0  Prepared by 2- +.. - . - I-- I----.-- ---- Date ---- 
R E V E R S E  S I D E  JPL 3037-5 R 7 D 8  
SOLAR ARRAY h?Ah'UFACTURING INDUSTRY COSTING STANDARDS 
FO t3I4AT A * 
-.. 
. - '. Pf3OCES.S DESCRIPTION 
, 
J C I I.brl'1 S l O N  I . A ~ ~ O K A T O R Y  
C, ' i f *  tm;. ! + I I I ~ I I . I ~  01 T ~ I A * O I O # ~  Notr. N a n ~ i  glven In brackets [ 1 
: . .<I  oal G,‘,, Dr. / ~ ~ , l t u ,  C ~ I I I .  911oJ arc the nimes of proctu attributes 
r e q u ~ t e d  by t h e  SAMICS Ill 
con puter program. 
LAMINATE I c i r : ~  [fltforcnr]----- 
/ r2 I ,)r:~tip:ivr tJame] Lamina t ing  o f  C i r c u i t s  t o  S u p e r s t r a t e  g l a s s  -- - *- - - ---- 
PA3T 1 - i;CiLtUC;T QESCRIPTION i 
A3 ! f 'rrx$i~n Referent] . L U P m T  i 
S u p e r s t r a t e  a s sembly  A4 D .scrii t i v ~  Name [Product Name], - - --- - -- ..- I 
S u p e r s t r a t e  A5 lJ,lit Of E$esure !Product Units] - - = -- -7 I 
P A R T  2 - PROCESS CHARACTERISTICS 
A6 [~ lu tpu f  Rate] (Not Thruput) 0 .2 Units (given on line A5) Per Operating Minute 
A7 Average Time at Station 
6 0  
Calendar Minutes (Used only to compute 
[Precessing Time] - - - - --. . in-process inventory) - 
A8 Machine "Up" Time Fraction .90  Operating Minutes Per Minute 
[Usage Fraction] 
PART 3 - EQUIPMENT COST FACTORS [Machine ~escr ipt ion]  
A8 Component [Referent] L a m i n a t o r  
A9a Component [Descriptive Name] (Optional) 
-- - - 
-- --- 
A10 Base Year For Equipment T;lr=; i fr ice Year] 1980  -- I 
415,000 A1 1 Purchase Price ($ Per Component) [Purchase Cost] - - - - 
A12 Anticipated Useful Life (Years) [Useful Life] 10 -- - 
A13 [Salvage Value] ($ Per Component) 0 I 
10,000 A14 [Removal and Installation Cost] ($/Component) - - 
Note: The SAMlCS Ill computer program also prompts for t h e  [payment f1-t interval], t h e  [inflation rate table], the 
fcquiprntnt tax depreciation method] , and the [equipment book depreciation method]. In the LS4 SAM lCS sonrin,- - 
UK 0.0, (1975, 4.0), DDB, and S 1  
4 59 
Laminate 5 i r r t  1 : :  I 1 t  I r : i s  t ( f ro .  a i"&:,: 1 L i r i c  A l )  . -- -.* - ,--- .-a _ _.*, , j 
: ! !,T 4 [ j ~ : ) ! . f ; l  I { [  ~~~~l l l ,L. l ,~, l~: ;~ < l w L  1; r,&,P,Ct4It!C (F4:ililics) C l f l  f 1 k f 3  f,\/~Cl{lKL PL 13 Sl l l f  7' (rt rsc~rln~t) [r'::' * i vs  ;#I(: P L I S C I I ~ ~ I ,  I f \ ~ . ~ ~ i ~ ~ r n t n t s ]  
/ 16 1 4 1 2  A19 A17 
C: :P :L  j I.'uITI!)L~ . Arrlodnt Required 
I1cr11 P L ~  lt!u( t l i r ~ ~ .  (I1cr Stlift) Units flcquircrner~t Dcrcrll)tion 
rv, r r ~ ~ ]  I/,riiou~~l per fb't~chine) 
PART 5 -- DIliE.CT tiLOUlflEt/~Eit:TS PER I,'lACWINE PER MINUTE 
[[!,product O u t p u t s ]  and [Utilities and Gornmodities Requirements] 
A20 A22 A23 A21  
CAI alas 1:urnbcr Arnount Required 
[ t x p c n s ~  lit rn Por htachir~e Per hlinute Units Requirement Description 
Rclercnt] [Amount prr Cycle:  
C1032B 
."EV-A 0-1 D+ - - - - - -  A - 1 0 - -  -- -= z KWH ~Imi-P- E l e & r i c i L y Y  
-. -- --- 
3.2 Sg__ft/min 
- --------  - --- --- -- - --- 
Clear EVA 5 mil 
EVA0 2 ~ - - -  
-- 
3.2 ft/&> -- White EVA 5 mil 
A - - A - - . - - -  --!.¶. 
3.-2 "+ ___ _ Z ¶ * f t / m i n  - G 1 a s  EVG 0-i D- - - - - - -- . 4---" (3.2)*2 Sq. ftLmin .*allizedmilar* E1721D -__ -  - - - * .----_-- - --- 
E1828D 3.2 
-" ---- ---- ------- - Sq . f t L m L  T e m g W  
E5184D- + - . --- ---- - --- 1b s h h -  S-~rim~r 
.- --- *  .< - 
1.2 E-5 
~ 1 0 3 2 ~  P 
+ - * -  - -  
.10 




E0001D-- --.ML. -.Ga3/min -- - Methyl Alcohol 
PART 6 - INTRA-INDUSTRY PRODUCT(~)  REQUIRED [Required Prbductr] 
A24 A26 A27 A2 5 
[Product L1,able Output Per 
Reference] Unit of Input Prcxluct Units Product Name 
Assembled 
CIRCUIT 1.0 Superstrate/circuit Solar Cell Circuit 
-- ------- ----- -- -- 
I 
, 
Prepsrd by -EA!Z?&-  ----,.----- - -  D a t a  
03/25/80 
* C?+alogue item A1 foil at 1C per sq. ft. versus 2$ per sq. ft. 
. . .:..tallized mylar. I 
460 
R C V E R S E  S I D E  JPL -37-5 8 7 / 7 1  I 
SULAIP Af1RAY MANUFACTURING INDUSTRY COSTING STAfdD4RDS 
f 0RIt:AT A . 
1 .  (1 j/;jiA - \  4.. , 
, -A PI3OCESS DESCHIPTIOM I I 9 Jl T I I : b P t ' l . S l O h '  I ,A13ORATOIIY rm I-;.. i ~ l l l l ~ ~ r  01 ~ I ~ ~ O ~ O ~ ~  Note: Names given In brackets [ 1 
:# * ' I  0.4 C,OI, D,. / PU. I~W,  call/ 91 IOJ are the names of procch attributes 
rrque~ted by the SAMICS I l l  
computer program. 
l.2 l Dcscriptivc Name] Framing -- and Terminating - of Module - ---- 
- -- 
- -- .- - -.---- ---- ------- - - --a- ---- . - 
PAi IT  1 - I'I:O[)IJCT DESCRlPTlPN 
PANEL1 A3 [Prchjuct Referent] -- -- 
A4 Descriptive Name [Product ~ a r n e ) . - - ~ ~  K d u l e  - - - - -  ..- A 
A5 Unit Oi Meisure IProduct Units] Module - ------ 
.- - 
PART 2 - PROCESS CHARACTERISTICS (II~J(:~NAL ~ A ( ; E  (18' i'(.h-)ft Q[JA~ ,m 
.20 A6 [Output Rate] (Not Thruput) , Units (given on line A5) Per Operating Minute 
A7 Averayj Time at Station -.--- 10 Calendar Minutes (Used only to compute 
[Procasing Time] . - . ... . in.process inventory) . 
A8 Machine "Up" Time Fraction .90 .- Operating Minutes Per Minute 
(Usage Fraction] 
PART 3 - EQUIPMENT COST FACTORS {Machine Description] 
A9 Component [Referent) Assy Tab le  Ext Cut 
---
Framing 
A9a Component [Descriptive Name] (Optional) Table to Cutting -- Place and 





parts to lam- 
inate 
1980 1980 1980 A10 Base Year For Equipment Prices [Price Year] - -- 
1500 5QCO A1 I Pureha- Price ($ Per Component) [Purchae Cost] . -  - -  35000 - 
A12 Anticipated Useful Life (Years) [Useful Life] 7 -- 10 --- - 7 - 
-4 
A1 3 1 Salvage Value] ($ Per Combonent) 0 0 ' 3000 - ---".-- - ---- 
300 1000 
A14 [Removel and lrutallation Cmt] ($/Component) 1500 ' .- 
I 
Note: Y h e  SAMlCS Ill computer program also prompts for t h e  [payment float interval], the [inflation rate table], the 
[equipment "Lax depreciation method], and the [equipment book depreciation methcd] . In the LSA SAM ICS cont;xt,- - - 
UK 0.0, (1975, 4.0), DDB, and S L  
46 1 
JPL 3037:s R 7 / 3  - 
. _ A,u. -. - -"-9i.L---- ym- S---L- -* -' 
L_- . 
Folrriat A: rrcct:~ Bcscription (Coritinurd) 
Frame, , , : I ( 1  1 1  P C  1 i n  I -- . - -- - - - 
i / , f ; ~  4 . , ! i f , r  t ; ~  ~j*.j l,~!.;,;~-t;~ 1.r I,,; ct{lt;E ( r p ~ i I i \ i ~ s )  O i l  ['En f * ' ~ A ~ l ~ l r ~ ~  F' i l \  s t { l t  T (pcrsclr'r'cl) 
Iro4ci: t e s cr,$ P c r t : , ~ , ~ , ~  I t t ~ u i ~ t r ~ a c n t s )  
r118 A19 A17 :\ 1 [I 
Units 
, . 
flcfrrcnt] [/\rnoonl pcr I,:dctrinc] 
A2064D 
< - . - - - _I 
350 S q ,  F t .  
- -* d - -- - - 
* - ___ -  --- B!j !. s p a c e  Type A _- , 
- ~ 3 7 0 4 D  * .  - - -  , 0 2 5  . - Person /S_h i f t   elect^-, MaintA - 
B3756D ‘ . l o "  
_ . _ - _ _  __._ _ - _  c ~ c r s o n / ~ h i g  _ _ _ _ _ C , _ . -  ,-Ma-in-t .- M e c h "  -- - -  - -- 
R3720D _ _ _ -  -_ _ - _  - _  _ . 2 5  , _ i f - _ _ + _  P c r s o n / S h i f t  - - _  _---_- - 9 s - e p c t o r  +- - 
*-- 
E33080D 2 . 0 0  P e r s o n / S h i f t  Yodu-lc Lss_gmbl~r- 
_ _  _ *  -^ I___ _ ^ _ _  _ - -_._ -_- - - - '.--___-* --.- - ----- 
_ _ ____   _ * --__ _.- . . ..-- -- +IT- - -- - - - -  
. - -+  - 
- - -  
_ _- _ _ I _ ^ - _ _ _ *  _--- e l - - - -  - --- - I - - -  - 
- -+ .& _ - 
. -. 
__ . = - - *I ** - *  - - _ ._ * _  -_--"---.- I f f  - . - 
- -- 
. - - 
PART 5 .- DIRECT RLOUIREtACfJTS PER IAACI4INE PER IvlltJUTE 
IByprodact Outputs] and [ l l l ~ l i t ~ c ~  and Corn~nod~ties Requirements] 




-C 10 3 2_B_ .--- 
krrlount Required 
Per IXachint. Per l.5inute Units 
[Amount [,cr Cycle] 
. 1 0  
I - ---- _ _-_- .-- KWII RLrn'i-n 
PART 6 - INTRA.INDUSTRY PRODUCT(S) REQUIRED [Required Prduct r ]  
A2 4 A26 A27 
lProcluct Usable Output Per 
Reference] Unit  of Input Product Units 
. E l e c t r i c i t y  -I------ 
Ga_skstr. _ -.-,-- - -- .- .- 
---"-3d%>e~l Co S D L -  ..- - 
-+ ~ ~ U X - ~ - -  
MEK 
- _ - _ -  ----"ill__ 
J - B o x e s  DLQ&% * 
__ /-I^ 
J un C _ ~ ~ Q X - . - .  
m- __I




SUZERST Module/~upar- - S u p e r s t r a t e  Assembly  - 
--__I- - 
1 . 0  
-.I_ 
_^. __-_ _ - -- -." I_-+-.- / strate 
I 
_ _ " I _  - -_ I__ I_--------- 
-- . -- 
/ 
prepared by - E *  A e r n i  - -  D a t a  03/25/80 
* E x p e n s e  EG1283D r e f l e c t s  c o s t s  o f  J -Boxes  a t  . 7 5 $  ea. a n d  d i o d e s  
at . 2 5 $  ea ,  when u t i l i z i n g  amount  p e r  c y c l e  a s  i n d i c a t e d  f o r  e a c h  
Item. 
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REVERSE SIDE JPL 3037-5 R 74'78 
SOLAR ARF-AY MANUFACTURING INDUSTRY COSTING STANDARDS 
+ -  , ., i -- . - .  
.- PIiOCESS . DESCRIPTION 
J l  T I 'kbPl  LSlOh'  1.Al ORATORY 
, f,l,l ., ;, I ~ I I , I . - ~  01 TVO O I C ~ ~  Note: Names glvon in brackets [ I 
' 1  0.1 C;rc,tc Dr / P c r d r u ,  Cdrl. 91 10.3 are the names of proceu attributes 
requested by t h e  SAMICS Ill 
computer program. 
i r t~ :S I I t t i ~ r ~ n t l -  FINALTEST -- -- 
t , I L J ~  ; L ~ I ~ I ~ I V L  f.arrrt], -- -. - T e s t  Module F o r  P e r f o r m a n c e  M e c h a n i c a l  I n t e g r i t y  
>- 1 
a n d  E l e c t r i c a l  S p e c  C o n f o r m i t y  
- - -  -~ ---.-- - -  a*-- 
MODULE [Product Referent] ,-__,--a 
C o m p l e t e d  S o l a r  P a n e l ,  Ready f o r  S h i p p i n g  t i 4  Dc.scriptivc Kdnir [Product Nan~e) ,-- - 
U n ~ t  01 Mclisure IProduct Un~ts]  Modules  -- 
PART 2 .-, PROCESS CHARACTERISTICS 1 
A6 IOutput f i a tu l  (Not Thruput) - .66 --- Units (given on line A5) Per Operating Minute 
A7 Avcraw Time at Station .- 1 . 5 0  
. , ,  Calendar Minutes (Used only to compute 
[Processing Time] . ~ 
. 90  in.procew inventory) . A8 Machine "Up" Time Fraction - Operating Minutes Per Minute 
I Usage Fraction] 
PART 3 - EQUli "'t ce i' COST FACTORS [Machine Description] 
A9 Component [Referent] T r a n s f e r  S i m u l a t o r  
A9a Component [Descriptive Name] (Optional) Move Equip-  P u l s  S o l a r  
m e n t  t o  --- s i m u l a t o r  
a n d  f r o m  
test s5Z"on 
A10 Bare Year For Equipment Prices [Price Year] 1 9 8 0  1 9 8 0  
A1 1 Purchase Price ($ Per Camponent) [Purchase C;mtj 5 , 0 0 0  80 ,000  
A12 Anticipated Useful Life (Years) [Useful Life] 7 7 -- 
A13 [ S l v a g e  Value] ($ Per Component) 
500 500 A14 [Removal and lnrtallation Cost] ($/Component) -- - 
Note: The SAMlCS Ill computer program also prompts for the [payment float interval], t f e  [inflation rate table], the 
[equipment tax depreciation method], and the [equipment book depreciation method]. In  the LSA SAM IS context,- -- - 
use 0.0, (1975, 4.0). DDB, and S L  
463 . 
J P L  3037-5 I37178 
Format A: P r n c c : ~  Description (Continued) 
I A': i 4 . ' l l r t l  L T  flrr::IIf~Lt,': ;:IS fJtf] ~ ! A C H I ~ ; E  (Feciliiicr) OR PtR  MACHIIdE PER SHIFT (Personnel) 
I , :  . * ' I ; #  s , ,~c' PL::~.~~I( I Rrrluir cmcnts) 
A 1 f>  A18 A19 A17 
Ck!, l f t ,  f:ur~i!)cr . krnourlt Rcqulred 
I r \ i .  L I , I '  It[:n P L ~  1,ilachinc (Pcr Sl~ i f t ;  Units Requirement Description 
ii*~ I-1111 [A~nc~ t~n t  pcr Ltdchine! 
A2064D 200 S g . f t  
*- --_ _ I--"-- - -  - -.. 
Hiah Soaco Tar?_A,,.,- 
--_I- - 
.B372'3D -. I&. - 2grs0&!3hi2L LLnspe~ksr,,  ,5i.ysP-.----- 
.B3704D - -+ 2 5  ------ - JLl-p~i-rnni i l_ .Maul t l .  - 
1 0  .B30 80D " - -  --. ---- __---I_, -P_e-rsan/Sh;ifit -le. 
f'AHT 5 -. LllI\L.CT REOUIHktJENTS PER MACHINf PER MINUTE 
[f<yprcduct Outptrts] and [Utilities and Cornn~odities Requirements] 
A 2 0  A22 A23 A 2 1 
C J I ~ I C ~ ~  I LIITI!JL'~ Amount Required 
( t x ~ ~ n , ( *  I t t l rn  Per fdachine Per hlinutc Units Requirement Descript~on 
hi~lc r l  nt j  [krriount per Cycle] 
C1032B - 0 2 5  KWHR/min Electricity 
.-- -- - ---- - - - -  -------  - 
PAHT 6 - INTRA-INDUSf R Y  PRODUCT(~) REQUIRED [Required P?&Ibkts] 
A24 A28 A27 
[Product Usable Output Per 




- -- .^ - ,-
. 9 9 8  Module/Module 
- C o m p l e t e d  Module -- - 
I 
Prepared by - A e r n i  03/25/80 - Data- - 
R E V E R S E  SIDE JPL 3037-5 R7f78  
